Removal of Taste and Odor Causing Compounds Using Ultrafiltration Membranes by DiToro, Jessica Ann
Worcester Polytechnic Institute
Digital WPI
Major Qualifying Projects (All Years) Major Qualifying Projects
April 2012
Removal of Taste and Odor Causing Compounds
Using Ultrafiltration Membranes
Jessica Ann DiToro
Worcester Polytechnic Institute
Follow this and additional works at: https://digitalcommons.wpi.edu/mqp-all
This Unrestricted is brought to you for free and open access by the Major Qualifying Projects at Digital WPI. It has been accepted for inclusion in
Major Qualifying Projects (All Years) by an authorized administrator of Digital WPI. For more information, please contact digitalwpi@wpi.edu.
Repository Citation
DiToro, J. A. (2012). Removal of Taste and Odor Causing Compounds Using Ultrafiltration Membranes. Retrieved from
https://digitalcommons.wpi.edu/mqp-all/2717
  
Removal of Taste and Odor Causing 
Compounds Using Ultrafiltration 
Membranes 
A study to determine the feasibility of removing taste and odor causing 
compounds with modified and unmodified ultrafiltration membranes, 
and the influence of other water quality parameters on this removal. 
 
A Major Qualifying Project submitted to the faculty of Worcester Polytechnic Institute in partial 
fulfillment of the requirements for the Degree of Bachelor of Science in 
Environmental Engineering 
 
Submitted by: 
Jessica Ann DiToro 
 
Submitted to: 
Project Advisor: Professor DiBiasio at Worcester Polytechnic Institute 
Co Advisor: Professor Shou at Shanghai Jiao Tong University 
 
April 27, 2012 
1 
 
Abstract 
 
 The presence of Taste and Odor causing compounds results in aesthetically displeasing 
drinking water, reactor fouling and carcinogenic disinfectant byproducts. This project studied 
the feasibility of removing T&O compounds using modified and unmodified ultrafiltration 
membranes, and if the presence of pH, natural organic matter and ionic strength influenced the 
removal. It was concluded that both membranes removed T&O compounds while the 
negatively charged membrane removed a greater percentage of each T&O compound. The 
influence of pH 7.5, NOM and ionic strength reduced removal efficiency. A theoretical water 
treatment facility design implementing UF membrane technology is included in this report.    
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Executive Summary 
 
 Taste and odor (T&O) causing compounds are produced by the decay of microorganisms and 
chemicals in water. They usually produce earthy, musty or fishy smells and are prominent in many 
surface and ground waters around the world. Although not directly harmful to human health, T&O 
compounds can cause aesthetic concerns in drinking water (smell, taste, discoloration) resulting 
in consumer dissatisfaction and complaints. The presence of T&O compounds can also result in 
the fouling of reactors and other equipment within water treatment facilities when they react 
with other particulates and compounds naturally found in the water. This fouling can be costly 
to clean, and can lower the efficiency of the treatment process. T&O compounds can also react 
with certain types of disinfectant (chlorination for example) and produce human carcinogenic 
disinfectant byproducts (DBPs). For all of these reasons, the removal of T&O compounds from 
water is an increasingly growing concern in the world of drinking water treatment and water 
preservation (Masten & Davis, 2009).   
 
Removal of T&O compounds is difficult due to their size (200-20,000 amu) (Song et al, 
2011).  Because of this the most common method of T&O removal in present day water 
treatment is enhanced coagulation where normal coagulation is optimized by increasing the 
coagulant dose, reducing the coagulation pH or a combination of the two. This allows for the 
natural net electrical repulsive forces of the T&O compounds to be reduced, and for them to 
agglomerate forming larger denser particles that can then be settled out. This process has been 
shown to remove up to 50% of natural organic matter (NOM)  and T&O, but that means 50% of 
NOM and T&O remain in the water to go on and contaminate the water and processes further 
down the line. Enhanced coagulation is also very expensive (relatively speaking compared to 
regular coagulation) and can be very complicated (Droste, 1997).  Identifying a new method to 
remove T&O compounds is necessary to save money, resources and time; this is where 
membrane technology has come into play. 
 
Ultrafiltration (UF) systems have long been revered for their successful treatment of 
particulate matter, turbidity, viruses and microorganisms. But not for their removal of smaller 
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materials such as NOM and T&O compounds. Ultrafiltration membranes have pore sizes of 0.1-
0.001 microns, which are much larger than the average size of NOM and T&O compounds 
(approximately 200-20,000 amu). Another problem associated with membrane filtration is that 
the membranes grow fouled when NOM and T&O compounds pass through their pores and 
build up within and on the surface of the membrane. Up until recently the removal of NOM and 
T&O compounds using membrane technology was not a likely solution to the problem (Droste, 
1997). 
 
In 2010 research from Shanghai Jiao Tong University, School of Environmental Science 
and Engineering determined that a negative charge modification of the regenerated cellulose 
ultrafiltration membrane was an appropriate method to remove NOM (removal increase from 
68.9% to 91.7% when the membrane was modified) and reduce membrane fouling, due to the 
electrostatic interaction between the charged membrane and the particulate compounds in the 
water, and with the membrane pore size (Song et al, 2011). An older study released by SJTU in 
2007 determined that it was feasible to remove the specific T&O compound, 2,4,5-
trichloroanisole (TCA) using unmodified (neutrally charged) UF membranes (Park et al, 2007). 
 
This MQP builds off of these previous successful studies to investigate how feasible it is 
to remove six specific T&O compounds using UF membranes and the same modification 
techniques as the 2010 SJTU study. Six simulated feed waters were prepared each containing 
constant concentrations of the six T&O compounds: Dimethylsulfide (DMS) (1500 
  
 
), 
Dimethyltrisulfide (DMTS) (1500 
  
 
 , β-cyclocitral (500 
  
 
), β-ionone (500 
  
 
), 2-
methylisoborneol (MIB) (200 
  
 
),  and Geosmin (GSM) (200 
  
 
), along with either NOM (20 
  
 
),  
ionic strength (100 mM) and a pH of either 3.5 or 7.5. Each of the simulated feed waters was 
filtered through an unmodified 100 kDa regenerated cellulose membrane and a modified 100 
kDa membrane at 0.10 MPa for 90-100 minutes and collected in 15-20 minute intervals. 
Membranes were modified by immersing them in a solution of 2.32 grams of solid sodium 3-
bromopropanesulfonate dissolved in 5 mL of the 0.1M NaOH for 48 hours. 
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Remaining concentrations of T&O were determined using solid phase micron extraction, 
and then run through a gas chromatograph/mass spectrometer (SHIMADZU model QP2010). It 
was observed that both membranes successfully removed T&O compounds, with the modified 
membrane consistently removing larger percentages of each T&O compound than the 
unmodified membrane.  
 
Upon an analysis of the influence of pH, NOM and ionic strength on these removals it 
was found that a pH of 3.5 had greater removal efficiency than a pH of 7.5 for both membranes. 
It was also observed that the influence of NOM and ionic strength decreased removal. DMS was 
an exception to these trends, potentially due to its small molecular weight. It was constantly 
the least removed T&O compound for both membranes due to its size and ability to easily pass 
through the pores of both membranes, negatively charged or not. Because of its small size, 
DMS was not influenced by pH, NOM or ionic strength. 
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Introduction  
 
Ultrafiltration (UF) has demonstrated to be successful alternatives for conventional 
drinking water treatment technologies in the areas of particle, turbidity, virus and 
microorganism removal. However, UF membranes fail to effectively remove natural organic 
matter (NOM) and taste and odor (T&O) causing compounds. This is due to the pore size of the 
filtration systems (0.1-0.001 micron) which tend to be larger in comparison to the size of most 
NOM and T&O compounds (Droste, 1997).  
 
An additional problem with UF in the area of NOM and T&O compounds removal is 
membrane fouling, which is where the byproducts of the NOM and T&O compounds, along 
with the other material present in the water are too large to pass through the pores of the 
filtration unit resulting in a buildup of solute and particles on the membrane and within the 
pores (Song et al, 2011). 
 
Successful treatment of NOM and T&O compounds is very important in the world of 
water treatment for a number of reasons. The first being that when present in the water 
distributed to consumers, consumer complaints are common as the particulate present causes 
cloudiness, taste and odors. The second reason is that NOM and T&O compounds reacts with 
chlorination and generates carcinogenic disinfectant byproducts (DBPs). As understanding of 
DBPs and the health risks associated with them have grown, regulations regarding DBPs have 
become stricter and stricter making the optimization of NOM and T&O compounds removal 
that much more crucial (Masten & Davis, 2009).  
 
Conventional treatment of NOM and T&O compounds in most facilities is through 
enhanced coagulation, which can remove up to 50% of NOM and T&O precursors. Combining 
conventional treatment (coagulation, ozonation, activated carbon, UV-oxidation) with UF 
systems would make for a more complex overall treatment process (than with one or the other) 
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and would be very expensive. Because of this, research to optimize and improve the removal of 
NOM and T&O compounds using UF is necessary.  
 
Previous research by Shanghai Jiao Tong University (SJTU) in the area of NOM removal 
through UF membranes demonstrated that modified (negatively charged) UF membranes 
removed a greater percentage of humic source NOM than unmodified UF membranes did. The 
same study also revealed that modified UF membranes had less membrane fouling overall than 
unmodified UF membranes (Song et al, 2011). Another study also conducted by SJTU 
successfully demonstrated that at least one specific T&O compound, 2,4,6-trichloroanisole 
(TCA), could be removed using modified UF membranes (Park et al, 2007). 
 
The results of these two studies suggest that other T&O compounds can be removed 
using UF membranes. This MQP sought to begin research into the removal of six T&O 
compounds by modified and unmodified regenerated cellulose ultrafiltration membranes of 
100 kDa pore size. In order to determine the optimal water conditions for T&O compound 
removal with modified UF membranes, physical factors that come with natural water were also 
reviewed, including NOM, ionic strength and pH; through six different simulated feed waters. 
The overall removal of the six T&O compounds for each simulated feed water was determined 
using SPME/GC/MS analysis. Recommendations for future experiments were discussed. 
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Background 
 
Taste and Odor Causing Compounds 
 
T&O compounds are produced by microorganisms (algae and bacteria) or chemicals 
(wastewater discharge and chemical spills) in both surface and ground water. The most 
significant source of T&O compounds in water is from the growth and decay of microorganisms 
in surface waters. Blue-green algae (Cyanobacteria/Cyanophyta), diatoms (Asterionella) and 
flagellates are the most common sources of T&O compounds in surface waters. For example 
the T&O compound Geosmin is produced from blue-green algae and is very common in most 
surface waters. T&O compounds in ground waters are more often associated with salts, metals 
and minerals instead of microorganisms (AWWA, T&O). 
 
The commonly reported taste and odors in water and their sources are listed in Table 1 
(Trojan Technologies Inc, 2005): 
 
Table 1: Common T&O Complaints and Their Sources 
T&O Source 
Musty MIB, IPMP, IBMP 
Earthy Geosmin 
Turpentine or oily MTBE 
Fishy 2,4,Heptadienal, decadienal, octanal 
Chlorinous Chlorine 
Medicinal Chlorophenols, iodoform 
Oily, gaseous Hydrocarbons, VOCs 
Metallic Iron, copper, zinc, manganese 
Grassy Green algae 
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Natural Organic Matter  
 
NOM is created when living and/or growing organisms, such as animals, plants and 
microorganisms, die and their matter decomposes. NOM includes both humic and non-humic 
fractions. Through an unknown reaction the organic matter is broken down and turned into 
NOM.  NOM can occur in particulate form by adsorbing to clay and other particles, but it more 
often appears in soluble form. The size, shape and composition of the NOM molecule are 
random and no single unique structure has been identified.  NOM in its soluble form has a 
molecular weight varying from 200-20,000 amu, and is generally composed of 10-35% carbon in 
the form of aromatic rings. This means that NOM is relatively stable, and thus difficult to break 
down. Aromatic rings have a natural susceptibility to electrophilic and nucleophilic attack from 
other materials, possibly explaining the potential polymerization of NOM which results in the 
larger NOM molecules (Viessman et al, 2009). 
 
T&O Compounds and NOM in Drinking Water Treatment 
 
 NOM and T&O compounds are undesirable when it comes to water treatment. Waters 
that contain NOM and T&O compounds, although harmless to human health if consumed, are 
unappealing aesthetically for consumers, as cloudy, tinted, odorous and off-tasting waters are 
often associated with wastes and dirt. NOM’s natural capability of retaining water and reacting 
with nutrients is one problem drinking water treatment facilities face when it comes to the 
removal of the material (Masten & Davis, 2009).  
T&O Compounds, NOM and Enhanced Coagulation  
 
When NOM and T&O compounds bind to metal ions and minerals in the water, these 
bound molecules are not always removed through generic primary treatment. Because of this, 
the coagulation process used in most drinking water treatment facilities to target turbidity is 
enhanced for NOM and T&O compound removal. Coagulation is the destabilization of colloidal 
suspension to induce flocculation to aid in the clarifying and settling of turbidity and suspended 
16 
 
solids in the primary steps of drinking water (and waste water) treatment. The addition of a 
coagulate (i.e. a positively charged aluminum or ion salt) reduces the net electrical repulsive 
forces that naturally occur along the surface of the suspended particles. This reduction in 
charge allows for the particles to be less repellant of one another and to agglomerate. This 
forms larger, denser particles which have greater ability of being able to settle out later in the 
treatment process. Enhanced coagulation is an optimization of normal coagulation. This is 
achieved by increasing the coagulant dose, reducing coagulation pH or both.  
 
Enhanced coagulation has been shown to remove over 50% of NOM precursors, 
although this removal efficiency changes with the type of water being treated. Other, less 
common, methods of NOM and T&O compound removal at water treatment facilities include 
activated carbon, ion exchange and membrane processes. For large scale facilities some of 
these methods are not always practical or economically feasible (Droste, 1997). 
T&O Compounds, NOM and Membrane Fouling  
 
 Membrane fouling is the undesirable accumulation of solute and particles on a ‘wetted’ 
surface, or within the pores of a membrane. NOM and T&O compounds can sometimes form 
byproducts that do not contain nutrients due to their tendency to react with their 
surroundings. These byproducts are much larger than those produced when NOM and T&O 
compounds bond with metals and minerals and can accumulate on treatment filters as they are 
too large to pass through the filter’s pores (Song et al, 2011). This is positive in the respect that 
the byproducts on this level are being removed. However, the constant accumulation and 
blockage formed by these byproducts result in constant filter replacements to maintain an 
effective treatment of the water. Disinfection techniques, such as chlorination, have been 
shown to poses the ability to break down this bio-accumulation (Viessman et al, 2009).  
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T&O Compounds, NOM and Disinfectant Byproducts  
 
Chlorine and NOM, and to a lesser extent T&O compounds, react to form what are 
known as disinfectant byproducts (DBPs), and some DBPs are identified carcinogens in humans 
(AWWA, Disinfection). 
 
 Handling these DBPs is one of the major challenges that water and wastewater 
treatment plants face today. When chlorine is added to waters the purpose is to inactivate the 
pathogens and microorganisms that are present. In addition the chlorine will also oxidize many 
organic molecules to carbon dioxide. When chlorine is added to waters that contain NOM 
chlorinated byproducts are formed, some of which are incompletely oxidized (DBPs). An 
extensive study on DBPs at 35 water treatment facilities identified the most common DBP to be 
trihalomethanes accounting for 50% of the total DBPs on a weight basis. Haloacetic acids were 
the second most prominent DBP, accounting for 25%. Aldehydes made up 7% of DBPs and of 
the remaining 18%, no individual DBP was present in significant concentrations (Masten & 
Davis, 2009).  
 
 Ozonation is an alternate form of disinfection, but it is expensive, complex and forms 
bromate with NOM and T&O compounds, which like DBPs can be harmful to human health 
when consumed. UV-oxidation is a cost effective alternative to both chlorination and 
ozonation. UV-oxidation uses UV light and hydrogen peroxide, to produce hydroxide radicals 
which react with NOM and T&O compounds to break them down into their elemental forms. 
These elemental forms are not harmful when consumed and have no taste and odor properties 
(AWWA, Disinfection).  
 
In the end, NOM and T&O compound removal prior to disinfection of any form is the 
most effective way to prevent the formation of any harmful byproducts, and is why the analysis 
of UF membranes and NOM and T&O compound removal is so crucial (Brinkman & Hozolski, 
2007).  
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Ultrafiltration Systems 
 
 UF membranes are a type of membrane filter that uses hydrostatic pressure to force 
water and other liquids through a semipermeable membrane. As the feed water flows through 
the pores of the membrane suspended solids and particles of a certain molar weight are 
retained on the membrane surface, while the water and smaller particles continue through the 
membrane. The removed substances are collected inside a pressure vessel by a central core 
tube. The concentrate is collected at the ends of the fibers and is discharged into a waste 
stream (Viessman et al, 2009). 
  
Because of the particulate buildup that forms between the membrane and the fluid a 
concentration gradient builds between the two also. This gradient results in concentration 
polarization which causes the solute to diffuse back into solution. This transfer is a stead state 
rate which defines the transfer of solute to the membrane equal to the diffusion of solute to 
the fluid. This relationship is demonstrated in equation 1, where J is the volumetric filtration 
flux of the liquid 
 
    
, k is the mass transfer coefficient, Cw is the concentration of solute when 
there is zero film buildup, and CB is the concentration of solute at the thickness of the film 
   
   
. 
 
                                                                   (
  
  
)                                                   (Equation 1) 
 
UF systems are different from other microporous filters because of their anisotropic 
structure. This means that UF membranes have a thin skin with small pores on top of a thick 
porous structure. This thin layers allows for selectivity, and the thick layer provides support. 
This is different from other microporous filters, which have open, meandering structures, which 
remove particles through entrapment within the structure (Shuler & Kargi, 1992).  
 
 The three major configurations for UF systems are flat sheets, spiral cartridges and 
hollow fiber cartridges, all represented in Figure 1: 
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Figure 1: The three major UF membrane configurations (Shuler & Kargi, 1992) 
 
The hollow fiber cartridge configuration allows for the largest surface to volume ratio 
out of the three, but it is also the easiest of the three to clog, which can be costly and time 
consuming to fix. The flat sheet configuration is the easiest for replacement and cleaning, the 
configuration does not allow for operations at high pressures unless previously reinforced 
which makes them somewhat less ideal for waters that require more intense removals.  The 
spiral cartridge configuration is essentially the flat panel membrane rolled up into a cylinder 
shape, which increases the surface to volume ratio (Shuler & Kargi, 1992). 
 
UF membranes can be made from a number of materials, allowing for variation for 
different factors including intended materials to be removed and pH of filtered water. Table 2 
shows the four most common membrane materials and their characteristics (Microfiltration 
and ultrafiltration membranes for drinking water, 2008): 
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Table 2: Characteristics of MF/UF Membrane Materials 
Material Hydrophobicity Oxidant Tolerance 
pH 
Range* 
Fouling Resistance 
Polyproylene Slight hydrophobic Low 2-13 Acceptable 
Polyethersulfone Very hydrophobic High 2-13 Very good 
Polysulfone Modified hydrophilic Moderate 2-13 Good 
Cellulose Naturally hydrophilic Moderate 6-8 Good 
*General Guidline Only 
 
UF is desirable for its ability to remove suspended solids, bacteria, viruses, endotoxins 
and other pathogens. It is generally used as a pretreatment for surface water, sea water and 
municipal effluent before undertaking other membrane systems.  UF, although not a widely 
used technology in water treatment today, will likely play a large role in drink water treatment 
in the future. The Long-term 2 Enhanced Surface Water Treatment Rule grants high log 
inactivation credits (4-7) for these membrane technologies, but only after extensive testing and 
continuous monitoring (Droste, 1997). 
Removing NOM and T&O Compounds with UF 
 
 Unfortunately UF is not an entirely desirable technology for NOM removal. The range of 
UF pore size is 0.1-0.001 microns, which is large than the normal size range of NOM (200-
20,000 amu). Because of this the lower molecular weight compounds which are also less than 
1000 Da pass directly through the UF membrane.  
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Figure 2: Size comparison of filtration systems (Droste, 1997) 
 
 A study by the School of Environmental Science and Engineering at Shanghai Jiao Tong 
University (SJTU) entitled Natural organic matter removal and flux decline with charged 
ultrafiltration and nanofiltration membranes, released in 2010, analyzed the effect of a charge 
alteration to the regenerated cellulose (RC) membrane of a UF system and its impact on NOM 
removal and flux decline. It was determined that a negative charge modification of the 
membrane was an appropriate method to remove NOM and reduce membrane fouling, due to 
the electrostatic interaction between the charged membrane and the particulate compounds in 
the water, and with the membrane pore size. 
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Figure 3: Removal of negatively charged NOM through electrostatic interaction with 
negatively charged ultrafiltration membrane (Zhaoling, 2011) 
 
It was discovered that by modifying a 30 kDa RC membrane increased humic acid 
removal (component of NOM) from 68.9% to 91.7%. Extending the modification time from 24 
hours to 48 hours, removal increased to 93.4%. Similar results were observed for the 100kDa 
RC membrane with humic acid rejections of 82.3% and 84.7% respectively (compared to the 
neutral 100 kDa membrane of 57.1%) (Song et al, 2010). 
 An earlier study conductions by the School of Environmental Science and Engineering at 
SJTU demonstrated a successful removal of a specific T&O compound, 2,4,6-trichloroanisole 
(TCA), using  a neutrally charged, UF membrane (Park et al, 2007).  
 
The strong ability of the negatively charged RC membranes to remove NOM and the 
successful removal of TCA using tight UF membranes suggests that other UF 
membranes/negatively charged UF membranes can possibly be used to remove other T&O 
compounds.  
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Methods 
Membrane Preparation  
Preparation of Unmodified Regenerated Cellulose Membrane 
 
A 100 KD UF membrane (Millipore corp.) was immersed in isopropanol for 1 hour.  After 
the 1 hour period, the membrane was removed from the isopropanol and transferred to 
deionized water (MilliporeSuper) for storage.  
Preparation of Modified Regenerated Cellulose Membrane into a Negative Charge 
 
A 100 KD UF membrane (Amicon Corp ) was immersed in isopropanol for 1 hour.  After 
the 1 hour period, the membrane was transfer into a solution of 0.1M NaOH which was 
prepared by dissolving 0.8 grams of solid NaOH into 200 mL of deionized water.  The membrane 
was immersed in the NaOH solution for no less than 1 hour. The membrane was then 
transferred into a solution of 2.32 grams of solid sodium 3-bromopropanesulfonate dissolved in 
5 mL of the 0.1M NaOH solution. The membrane was immersed in this solution for 48 hours. 
After the 48 hour soaking period, the membrane was removed from the sodium 3-
bromopropanesulfonate/NaOH solution, and transferred to deionized water for storage. 
Membrane Flux Determination 
  
The membrane flux experiments were carried out in a 25 mm dead-end stirred cell 
(Model 8010, Amicon Corp.) shown in Figure 3. The stir cell was connected to an air-pressurized 
solution reserve. Each membrane was flushed with deionized water before the run to remove 
any excess isopropanol or sodium 3-bromopropanesulfonate/NaOH solution. The stir cell and 
the liquid reservoir were filled with deionized water, and the stir cell run at 600 rpm. To 
determine the flux of each membrane, the mass of four glass vials were determined. A timed 
collection of the filtered water was carried out in each glass vial, with each subsequent 
collection run at an increased pressure. The vials were weighed post-collection.  
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Figure 4: Top, Schematic diagram of UF experiment (Song et al, 2011), Bottom, UF 
experimental setup 
 
Removal of Selected T&O Compounds in Simulated Feed Water 
Sample Preparation 
 
The T&O compounds selected for removability analysis are listed in Table 3. Each 
individual T&O sample was prepared individually with a particular method. The experimental 
concentrations for each T&O sample were based off of the highest average concentration 
recorded in China fresh water bodies for each individual T&O compound: 
 
 
25 
 
Table 3: Selected T&O Compounds 
T&O Compound  Molecular 
Weight 
Molecular 
Formula 
Structure Concentratio
n (ng/L) 
Dimethylsulfide, 
DMS 
62.13 C2H6S 
 
1500 
Dimethyltrisulfide, 
DMTS 
126.26 C2H6S3 
 
1500 
2-methylisoborneol, 
MIB 
168.28 C11H20O 
 
200 
Geosmin. 
GSM 
182.3 C12H22O 
 
200 
β-cyclocitral 152.32 C10H16O 
 
500 
β-ionone 192.3 C13H20O 
 
500 
 
Dimethylsulfide: 9 μL of the stock DMS solution (Sigma Aldrich) with a concentration of 
1166200  
   
 
 was added to 100 mL of pure methanol and mixed well, producing a solution with 
a DMS concentration of 75 
   
 
. From this solution, 2.5 mL was pipetted into a second flask, and 
deionized water was added bringing the total volume of the solution in the second flask to 250 
26 
 
mL and creating a solution with a DMS concentration of 750000 
   
 
. From this second DMS 
dilution, the desired DMS concentration of 1500 
   
 
 could be produced by diluting 100 μL in 
approximately 50 mL of deionized water, or 1000 μL in approximately 500 mL, depending on 
which total volume was desired. 
 
Dimethyltrisulfide: 6.5 μL of the stock DMTS solution(Sigma Aldrich) with a 
concentration of 836550  
   
 
 was added to 100 mL of pure methanol and mixed well, producing 
a solution with a DMTS concentration of 75 
   
 
. From this solution, 2.5 mL was pipetted into a 
second flask, and deionized water was added bringing the total volume of the solution in the 
second flask to 250 mL, and creating a solution with a DMTS concentration of 750000 
   
 
. From 
this second DMTS dilution, the desired DMTS concentration of 1500 
   
 
 could be produced by 
diluting 100 μL in approximately 50 mL of deionized water, or 1000 μL in approximately 500 mL, 
depending on which total volume was desired. 
 
β-cyclocitral: 3 μL of the stock β-cyclocitral solution (Sigma Aldrich) with a concentration 
of 860400  
   
 
 was added to 100 mL of pure methanol and mixed well, producing a solution 
with a β-cyclocitral concentration of 25  
   
 
. From this solution, 25 mL was pipetted into a 
second flask, and deionized water was added bringing the total volume of the solution in the 
second flask to 250 mL, and creating a solution with a β-cyclocitral concentration of 250000 
   
 
. 
From this second β-cyclocitral dilution, the desired β-cyclocitral concentration of 500 
   
 
 could 
be produced by diluting 100 μL in approximately 50 mL of deionized water, or 1000 μL in 
approximately 500 mL, depending on which total volume was desired. 
 
β-ionone: 3 μL of the stock β-ionone solution (Sigma Aldrich) with a concentration of 
907200  
   
 
 was added to 100 mL of pure methanol and mixed well, producing a solution with a 
β-Ionone concentration of 25  
   
 
. From this solution, 25 mL was pipetted into a second flask, 
and deionized water was added bringing the total volume of the solution in the second flask to 
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250 mL, and creating a solution with a β-ionone concentration of 250000 
   
 
. From this second 
β-ionone dilution, the desired β-ionone concentration of 500 
   
 
 could be produced by diluting 
100 μL in approximately 50 mL of deionized water, or 1000 μL in approximately 500 mL, 
depending on which total volume was desired.  
 
2-methylisoborneol and Geosmin: MIB and GSM (SUPELCO Corporation) came from the 
same stock solution with a concentration of 100  
   
  
. To produce the desired MIB and GSM 
concentration of 200  
   
 
, 0.1 μL of the stock solution was diluted in approximately 50 mL of 
deionized water, or 1 μL in approximately 500 mL, depending on which total volume was 
desired. 
 
T&O Analysis Using SPME and GC/MS 
 
A Gas Chromatograph/Mass Spectrometer (GC/MS) (SHIMADZU model QP2010) was 
used to determine the concentrations of the selected T&O compounds run in this experiment. 
Known concentrations of the six selected T&O compounds were prepared, and run to create a 
reference to determine the unknown concentrations of T&O compounds in future filtration 
experiments. The GC/MS fiber (SUPELCO model 2cm-50/30μm DVB/Carboxen/PDMS 
StableFlex) was prepared by solid phase micron extraction (SPME).  
 
To execute the SPME reference a solution containing each of the six T&O compounds 
and a reference compound, 3-Isobutyl-2-methoxypynazine (IBMP), was created using the 
specifications listed in Table 4. The DMS, DMTS, β-cyclocitral and β-ionone volumes listed in Table 
4 were obtained from the stock dilutions of 750000 
   
 
 and 250000 
   
 
 respectively. The MIB 
and GSM volume listed in Table 4 was obtained from the stock solution with a concentration of 
100 
   
  
 . The IBMP was obtained from a 100 
   
 
 stock solution. The six T&O compounds and the 
IBMP were added to a volumetric flask. Deionized water was added to bring the total volume of 
the solution to 50 mL. 
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Table 4: Dilution Measurements for T&O Compounds for SPME  
T&O Compound Volume Added (μL) Concentration (
   
 
) 
DMS 100 1500 
DMTS 100 1500 
β-cyclocitral 100 500 
β-ionone 100 500 
MIB/GSM 0.1 200 
IBMP 10 100000 
 
40 mL of this solution was added to a glass vial, along with 14 grams of dehydrated 
NaOH (dehydrated by baking at 450°C for 2 hours). The vial was sealed, and the GC/MS fiber 
was pushed through the seal. The vial was placed within a beaker containing water at 65°C. The 
solution was mixed at 500 rpm and remained at 65°C for 40 minutes, allowing the solution to 
enter a gaseous state and be adsorbed onto the fiber. The experimental setup is demonstrated 
in Figure 5. The fiber was then run on the GC/MS, programmed to start at 40°C and at a rate of 
8°C/minute increase to 240°C, where it remained for 6 minutes. The same method was used for 
post-filtrated simulated feed water samples, to compare to the reference chromatogram to 
determine the unknown remaining concentrations of the 6 T&O compounds. 
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Figure 5. Experimental setup of SPME 
NOM Analysis Using UV Spectroscopy   
 
 The NOM sample was prepared by dissolving 0.25 grams of solid Humic Acid Sodium Salt 
(Sigma Aldrich) into 250 mL of deionized water, to create a solution with a NOM concentration 
of 1 
 
 
.  
 
Figure 6: Molecular structure of Humic Acid Sodium Salt Natural Organic Matter 
 
From this solution five diluted samples were created to run in the UV1800 Spectrophotometer 
(MAPADA) at 254 nm, along with one deionized water control sample as shown in Figure 7.  
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Figure 7. Experimental setup of NOM (Humic Acid) UV Spectroscopy Experiment 
 
The samples run in the UV1800 Spectrophotometer were prepared according to the 
measurements listed in Table 5. Absorbance was recorded and plotted against concentration to 
create a standard curve for Humic based NOM. Post-filtrated simulated feed water samples 
containing NOM were run through the UV1800 Spectrophotometer at 254 nm and absorbance 
values compared to the standard curve to determine the remaining NOM concentration.  
 
Table 5: Dilution Measurements for Humic Acid Standard Curve  
Vial # Volume Humic Acid Added (mL) Concentration (
  
 
) 
0 0 0 
1 0.05 1 
2 0.1 2 
3 0.25 5 
4 0.5 10 
5 1 20 
 
Preparation of Simulated Feed Water 
 
 Six simulated feed water samples were prepared to determine removal efficiency 
comparisons between a modified membrane and an unmodified membrane and the influence 
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of other water parameters on the removal. The samples were made according to the criteria in 
Table 6. A JENCO pH meter (model 6173) was used to monitor the pH as it was adjusted using 
0.1 M HCl or 0.1 M NaOH to obtain the desired level. The NOM volumes listed in Table 6 were 
obtained from the prepared sample with a concentration of 1 
 
 
. The Ionic Strength (I.S.) was 
prepared by dissolving 7.103 g of Na2SO4 into 500 mL of simulated feed water solution. The 
DMS, DMTS, β-cyclocitral and β-ionone volumes listed in Table 6 were obtained from the stock 
dilutions of 750000 
   
 
 and 250000 
   
 
 respectively. The MIB and GSM volume listed in Table 6 
was obtained from the stock solution with a concentration of 100 
   
  
 . All volumes listed in 
Table 6 were pipetted into a 50 mL volumetric flask and diluted with deionized water bringing 
the total volume to 500 mL: 
 
Table 6:  Parameters for Six Simulated Feed Water Samples 
Component Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Conc. 
pH 3.5 3.5 7.5 7.5 3.5 7.5 NA 
NOM (mL) 10 - 10 - - - 20 
  
 
 
I.S. (Na2SO4 g) - - - - 7.103 7.103 100 mM 
DMS (μL) 1000 1000 1000 1000 1000 1000 1500   
 
 
DMTS (μL) 1000 1000 1000 1000 1000 1000 1500   
 
 
β-cyc (μL) 1000 1000 1000 1000 1000 1000 500   
 
 
β-ion (μL) 1000 1000 1000 1000 1000 1000 500   
 
 
MIB/GSM (μL) 1 1 1 1 1 1 200   
 
 
 
Removal Experiment 
 
 After the simulated feed water sample was prepared, the modified and 
unmodified membranes were immersed in a portion of the sample for a 24 hour period. The 
removal experiments were carried out in a 25 mm dead-end stirred cell (Amicon Corp, model 
8010) shown in Figure 3. The stir cell was connected to an air-pressurized solution reserve. Each 
membrane was flushed with deionized water before the run to remove any excess solution. The 
stir cell and the liquid reservoir were filled with the prepared sample solution, and the stir cell 
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run at 600 rpm and the pressure set to 0.10 MPa. Samples were taken in 15 or 20 minute 
intervals (depending on the flux), for up to 90/100 minutes. All samples were calculated for 
flux, Jv, while only three (non-consecutive) samples were retained, along with the remaining 10 
mL in the stir cell, to run through SPME and the GC/MS, UV1800 Spectrophotometer and 
Conductivity Meter to determine the concentrations of the constituents that were to be 
removed. 
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Results and Discussion 
 
T&O Removal 
 
 Lab Solution GC/MS Post Run Analysis software was used to identify each of the T&O 
compounds on each of the chromatograms. Each T&O compound was identified by identifying 
the one peak on the chromatogram that fell on or near the theoretical retention time and had 
the appropriate I.D. ions in the correct order of intensity, as presented in Table 7. The area 
under the peak was determined through the integration feature in the software for the 
identified T&O peak, at its I.D. ion corresponding with the greatest intensity (highlighted in 
yellow). Figure 8 shows an example of a chromatogram and where each T&O compound is 
located. 
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Table 7: GC/MS Chromatogram T&O Analysis Parameters  
Compound I.D. Ion Intensity Theoretical Retention Time (min) 
DMS 
45 408 
1.52 47 956 
62 1000 
DMTS 
79 508 
6.15 111 164 
126 1000 
β-cyclocitral 
109 620 
10.88 137 900 
152 672 
β-ionone 
177 1000 
15.40 191 180 
192 52 
MIB 
95 1000 
10.38 107 244 
108 204 
GSM 
111 232 
14.20 112 1000 
125 140 
IBMP 
94 236 
10.24 124 1000 
151 184 
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Figure 8. Example chromatogram demonstrating where each T&O compound elutes  
 
Each individual T&O compound area that was determined was used in Equation 8 to 
calculate the mass of each individual T&O compound remaining in the 40 mL sample run 
through the SPME. In Equation 2 fT&O is the response factor calculated from the reference run 
for the specific T&O compound. AIBMP is the peak area of the IBMP, AT&O is the peak area of the 
specific T&O compound and mIBMP is the mass of IBMP added to the sample, 10 uL ~1.09 ng. 
Once the mass was determined for the 40 mL SPME sample, the mass had to be converted into 
a remaining concentration in 
  
 
 for comparisons to the initial concentration. 
 
           
         
(
     
     
)
                                            (Equation 2) 
 
The response factor, fT&O, was determined for each of the six T&O compounds by 
running a SPME/GC/MS sample with known concentrations of each T&O compound and IBMP, 
and identifying the areas for each compound. fT&O was calculated with Equation 3, raw data in 
Table A26. All fT&O values can be found in Table A25.   
 
               
(
     
     
)
(
    
    
)
                                               (Equation 3) 
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Percent removal was calculated for each T&O compound and can be found in Tables 
A15, 17, 18, 20, 21 and 23. Equation 4 was used to calculate the percent removal for each T&O 
compound: 
 
          (
                                         
                     
)         (Equation 4) 
  
An example calculation for DMS, Sample #4, at 20 minutes for the modified sample is 
demonstrated below. AIBMP was 55001, ADMS was 7440 and fDMS was 85.85038. Initial 
concentration of DMS was 1500 
  
 
: 
 
      
             
(
     
        
)
 = 11.84 ng 
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)                 
 
It was observed that each T&O compound could be removed within the first time 
interval of sampling for both unmodified and modified membranes. Removal percentage was 
plotted against time for each sample and membrane demonstrating the removal of all T&O 
compounds for both membranes with time. These graphs can be found in the Appendix, Figures 
A14-25. 
In a comparison of modified vs. unmodified removal, modified membranes consistently 
removed greater percentages of each T&O compound than the unmodified counterpart (within 
the same sample) in the first time interval. Modified removed T&O compounds in a range of 20-
1% better than the unmodified membrane. As time increased to the second and third time 
interval the difference between the removals of the two membranes dropped dramatically to 
approximately 5-0%. These observations indicate that the modification of the membrane into a 
negative charge does influence removal, resulting in a better removal of T&O compounds due 
to electrostatic interactions between the membrane and the T&O compounds. The fact that the 
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difference in removals with time decreases, to 0% in some cases, shows that the fouling of the 
membrane plays a role that with time outweighs the influence of the modification.  
 
It was observed that DMS was consistently lower in removal than any of the other T&O 
compounds, for both unmodified and modified membranes. This is most likely due to DMS’s 
size, as it has a molecular weight of 62.13 
     
   
. In molecular weight DMS is the smallest T&O 
compound sampled in this experiment, and is half the size of the next smallest T&O compound 
(DMTS at 126.26 
     
   
). Because of the small size of DMS, it was removed the least no matter 
the membrane. This can be observed in Figures A14-25, where DMS is depicted with an orange 
diamond, and is consistently the lowest point on the graphs by approximately 35-50% for 
unmodified membranes and 26-40% for modified. Although DMS always experienced more 
removal with the modified membrane than the unmodified membrane, the drastic difference 
between DMS removal compared to the five other T&O compounds shows that this particular 
modification was not enough to remove a compound of DMS’s size to the extent of larger 
molecules. 
 
In an analysis of the influence of pH, NOM and ionic strength on the removal it was 
consistently observed amongst five of the six T&O compound sampled that removal was 
greater with a pH of 3.5 compared to a pH of 7.5, when NOM was not present and when ionic 
strength was not present. MIB depicted these trends the best, and Figures 9-14 demonstrate 
these observations. DMS was the one T&O compound that did not follow the trends regarding 
pH, NOM and ionic strength influence, most likely due to its small size allowing it to pass 
through the membrane’s pores with little to no influence from the other parameters present. 
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Figure 9 & 10. Influence of pH on MIB removal for unmodified membrane (top) and modified 
membrane (bottom) 
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Figure 11 & 12. Influence of NOM on MIB removal for unmodified membrane (top) and 
modified membrane (bottom) 
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Figure 13 & 14. Influence of ionic strength on MIB removal for unmodified membrane (top) 
and modified membrane (bottom) 
 
Membrane Flux  
 
 Membrane flux was determined using Equation 5 where m2 is the mass of the vial post-
collection in grams, m1 is the mass of the vial pre-collection in grams,    is the density of the 
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deionized water in grams per liter, A is the effective area of the membrane in m2 and t is the 
time of sample collection in hours. Flux is given in 
 
     
 : 
                                                                            
(
     
  
)
     
                                                    (Equation 5) 
 An example calculation using Equation 5 to determine the flux for the unmodified 
membrane at 0.04 MPa is show, all raw data for flux calculations can be found in Tables A1-7: 
     
(
                 
     
 
 
)
                
 
            (
 
    
) 
 
 
Figure 15.  Example of flux comparison of unmodified and modified UF membranes 
 
 Theoretically membrane flux should be greater in unmodified membranes, than in 
modified membranes, as modified membranes have a smaller pore size and thus better 
removal of contaminants in comparison to the unmodified membranes. In Figure 15 this is 
confirmed. Hydraulic permeability should also be greater for unmodified membranes than for 
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modified membranes for the same reason. The hydraulic permeability is determined by 
identifying the slope of the linear best fit line associated with each set of flux data. Equation 6 is 
the linear flux equation identified for the unmodified membrane in Figure 15, and Equation 7 is 
the linear flux equation identified for the modified membrane. In both equations y is the Flux in 
 
     
 and x is the pressure in MPa: 
 
                           y = 5837.1x + 142.5                                            (Equation 6) 
     y = 4801.8x + 17.004                                           (Equation 7)  
 
 From Equation 6 and 7 it is confirmed that theory holds true and that the unmodified 
membrane has a greater hydraulic permeability than the modified membrane, with hydraulic 
permeability being 5837.1 and 4801.8 respectively.  
 
 Membrane flux was determined for each unmodified and modified membrane 
immersed in simulated feed water samples prior to any removal experimentation. The data and 
graphs can be found in the Appendix (Figures A1-7). Hydraulic permeability was determined 
from each flux data set and is listed in Table 8: 
 
Table 8: Experimentally Determined Hydraulic Permeability for Samples 1-6 
Sample NA #1 #2 #3 #4 #5 #6 
Unmodified 5837.1 5249.7 5797.7 5835.0 6603.8 4970.9 4929.7 
Modified 4801.8 4439.3 4593.5 4656.4 4907.3 4460.2 4222.6 
 
 Experimentally determined hydraulic permeability data supports theory that modified 
membranes allow a lesser volume of water through a given area per time than the unmodified 
versions. There was no noticeable trend in the hydraulic permeability identified when the pH 
was lowered from 7.5 to 3.5 in any of the samples. It was observed that the presence of NOM 
lowered the hydraulic permeability compared to when only T&O compounds were present 
(comparing Sample #1 with #2 and Sample #3 with #4) due to the buildup of NOM on and 
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within the membrane’s pores hindering the flow of water through the pores. The presence of 
ionic strength resulted in a lower hydraulic permeability for both membranes compared to 
when only T&O compounds were present in the sample (comparing Sample #5 with #2 and 
Sample #6 with #4). This is most likely due to the added ions (SO4
-2) in the water depositing 
onto the membrane, forming a layer of ions that hinder the flow of water through the 
membranes’ pores.  
Normalize Filtrate Flux  
 
 Normalized Flitrate Flux was determined for each unmodified and modified membrane 
run in a removal experiment with simulated feed water. Equation 8 was used to calculate 
normalized filtrate flux, where Jv is the flux data obtained in the removal experiment and Jo is 
the flux determined in the membrane flux experiment for the particular membrane at 0.10 
MPa. The experimentally determined Jo values used to calculate normalized filtrate flux are 
listed in Table A8 and graphically represented in Figures 16 and 17: 
 
                                                
  
  
                                (Equation 8) 
 
 
 
 
 
 
44 
 
 
 
Figures 16 & 17.  Normalized filtrate flux comparisons of all 6 samples for unmodified (top) 
and modified (bottom) membranes 
 
Flux decline occures due to the accumulation of contaminates onto the membrane and 
within the membrane’s pores. With time, the membrane will grow more fouled and the flux will 
decrease. From the data collected it was found that the determining factor in membrane 
fouling and flux decrease was the influence of NOM, as for Samples #1 and #3 the NOM 
dropped by 80% for both modified and unmodified membranes. There appeared to be little to 
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membrane. The influence of ionic strength (Samples #5 and #6) resulted in slightly less 
normalized flux decrease than the other samples, but only by approximatley 5%. The decrease 
in normalized flux for each simulated feed water sample between the modified and the 
unmodified membranes was approximatley the same, varying from 0.5% at the least and 3% at 
the maximum difference.  
 
Membrane “R” Values 
 
 There are three different “R” values that are used to analyze how the membrane is 
altered throughout the modification and filtration process. These three “R” values are 
membrane resistance, Rm, adsorption, Ra, and pore plugging, Rpp.  
 
Membrane resistance, Rm, is the resistance that the membrane naturally possesses to 
any liquid, in this case water, passing through its pores and is measured in m-1. Equation 9 
depicts how to calculate this resistance. In Equation 9 Ji (
 
    
) is the flux of the membrane at a 
given pressure, P (MPa), and u is the viscosity (MPa*s) of the liquid passing through the 
membrane. Rm values can be found in Table A33 along with the Ji values used to calculate them. 
These Ji values were taken from Table A1 at 0.1 MPa for both the unmodified and modified 
membranes. 
    
 
     
                    (Equation 9) 
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Figure 18. Comparison of membrane resistance between unmodified and modified 
membranes 
 
Figure 18 shows the comparison of the membrane resistance between the unmodified 
and modified membranes used in this experiment prior to any sample soaking or filtration 
experiments. It is clear that the modified membrane has a greater resistance and thus a lower 
flux and theoretically better removal than the unmodified membrane. 
 
Membrane adsorption is how the membrane reacts with the sample that it is soaked in 
as part of the preparation process. If the membrane adsorbs a lot of the sample the flux should 
go down, and if the membrane adsorbs or gives off components to the sample the flux should 
increase. Equation 10 shows how adsorption can be calculated, where Ja (
 
    
) is the flux of 
the membrane at a given pressure, P (MPa), and u is the viscosity (MPa*s) of the liquid passing 
through the membrane. Ra values can be found in Table A33 along with the Ja values used to 
calculate them. These Ja values were taken from Tables A2-A7 at 0.1 MPa for both the 
unmodified and modified membranes. 
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Figure 19. Comparison of adsorption values for each sample and membrane 
 
 Figure 19 depicts a comparison of membrane adsorption, Ra, amongst the six samples 
and two membranes. Figure 19 indicates that after soaking the membranes in the simulated 
feed water samples the flux increases for the modified membrane and decreases for the 
unmodified membrane. In other words, post-soak the pores of the modified membrane appear 
to enlarge, while the pores of the unmodified membrane appear to shrink. This indicates that 
the modifier alters the membrane into a hydrophobic state. Further analysis to identify if this is 
actually the case is necessary. 
 
Pore plugging occurs during filtration with the simulated feed waters and is analyzed for 
the data of the last filtered sample. Equation 11 shows how pore plugging can be calculated, 
where Jf (
 
    
) is the flux of the membrane at the last filtered sample, P is the pressure that 
the filtration was run at (0.1 MPa), and u is the viscosity (MPa*s) of the water. Rpp values can be 
found in Table A33 along with the Jf values used to calculate them. These Jf values were taken 
from Tables A9-A14 for both the unmodified and modified membranes. 
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Figure 20. Comparison of pore plugging values for each sample and membrane 
 
 Figure 20 compares pore plugging or Rpp amongst each sample and each membrane. It 
can be seen that Samples #1 and #3 experiences the greatest pore plugging, due to the 
influence of NOM, at the end of filtration. It also can be seen that the modified membranes 
experience slightly more pore plugging than the unmodified membrane after filtration is 
complete. This supports the removal data discussed earlier in this section, as modified 
membranes removed larger percentages of T&O compounds than the unmodified membranes. 
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Conclusions and Recommendations 
 
 Based on the experiments run, the following conditions are considered to be the 
optimal conditions for T&O compound removal with UF membranes. These conditions ensure 
maximum T&O compound removal within the first time interval of filtration effluent sampling: 
1. The water pH should be at or around 3.5 
2. The water NOM content should be kept to a minimal 
3. The water ionic strength content should be kept to a minimal 
4. The modified membrane should be used over its unmodified counterpart 
There are a number of further experiments that should be carried out to confirm these 
results, and to further the knowledge on T&O compound removal through UF membrane 
technology. First and foremost starting with sampling and analysis the removal of T&O 
compounds when NOM and ionic strength are present at both pHs of 3.5 and 7.5. Originally it 
was the intention of this MQP to analyze these two samples, but due to time and budgets this 
was not feasible.  
In this MQP, membrane modification was done in a 48 hour period where the 
membrane was soaked in the 3-bromopropanesulfonate/NaOH solution for 48 hours prior to 
being used. Further experimentation should be done with the same samples as this MQP into 
how a 24 hour modification period influences the removal of the T&O compounds. Theory 
demonstrates that a longer modification period (48 hours vs. 24 hours) results in a greater 
removal of NOM, the same comparison should be analyzed for T&O compounds to see if reality 
agrees with theory. 
For this study, 100 kDa UF membranes were used. Further studies should look into how 
T&O compound removal varies with different membrane pore size (such as 30 kDa and 50 kDa, 
both possessed on SJTU campus). In theory the large the pore size the smaller the removal will 
be. But this difference is unknown and needs to be quantified. It is also unknown how 
difference in pore size impacts membrane fouling when T&O compounds are present. Using the 
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same methodology used in this study, comparisons can be drawn and quantified in how pore 
size influences T&O compound removal and fouling when T&O compounds are present. 
There should be an investigation into how and if the removal determined in this MQP 
differs when different starting concentrations of each T&O compound are used in the feed 
waters. An ideal way to start this would be to double the concentration tested in this MQP for 
the six T&O compounds, and to half it for each of the six T&O compounds. The same 
methodology should be used, and a comparison done between these removals and the removal 
determined in this MQP. Conclusions can then be drawn on how influent T&O compound 
concentration influences overall removal. 
Further experimentation should include different T&O compounds, varying in molecular 
weight. The overall methodology should be held constant to that of this MQP and the influence 
of pH, NOM and ionic strength should be analyzed and compared to this study to determine 
that conclusions drawn are supported. There should be an emphasis on analyzing T&O 
compounds of similar molecular weight to Dimethylsulfide (DMS) to see if other T&O 
compounds of small molecular weight are uninfluenced by pH, NOM and ionic strength as was 
observed in this MQP. 
Lastly, further research should be pursued in the area of the “R” values, to identify how 
and why the trends observed for the Ra. The focus of this MQP was on removal of T&O 
compounds, not on how the membrane reacts or is altered by the simulated feed waters. 
Further research should investigate how the regenerated cellulose UF membrane and the 
modifier react on a microscopic chemical scale with the T&O compounds to potentially 
determine why negative adsorption was observed for the modified membranes and if it is a 
case of hydrophobicity. 
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Engineering Design Project 
Project Summary 
Successfully treated drinking water is crucial for the health and success of every community. Without 
safe drinking water consumers are put at risk of water born parasites and pathogens. Additionally water 
will be aesthetically displeasing if not treated.  
This design proposal is a theoretical plan for a drinking water treatment plant for the town of Burlington, 
VT. What sets this design apart from other drinking water facilities is that this plan proposes the 
implementation of a UF membrane technology to be used to remove T&O compounds. Membrane 
technology is not very often seen implemented in the area of water treatment, especially UF 
membranes. This proposal analyses each step of the water treatment process (including a UF membrane 
application) and proposes the most efficient and cost effective process determined for the town of 
Burlington. Findings and Proposals are as follows: 
Water Demand: With approximately 42,417 residents (50,487 estimated by 2030), 25,000 tourists and 
4,215 businesses it was approximated that the water treatment facility needs to produce at least 
7,865,000gpd to meet the needs of Burlington, Vermont through 2030. This accounts to an average 
hourly water demand of 328,000gph. Water source will be Lake Champlain. 
Units: Based on the water demand found the number of units/chains was decided to be three. Each unit 
will have a flow rate of 2,622,000gpd (
          
 
), with water flowing through three of the four units at 
any one time, with the fourth as a backup. 
Screening: Identifying the entering water velocity to be no slower than 0.6
 
 
 it was determined that the 
ideal screen would be a steel medium course design, with an overall flow area of 6.15ft2. 
Aeration: It was determined that due to Lake Champlain’s low levels of dissolved manganese and iron, 
and the average temperature of Burlington, Vermont being less than desirable for an efficient aeration 
process that it was unnecessary for this particular facility to have an aeration process. 
Rapid Mix Tank: Based on the flow rate through each unit, (2,622,000gpd) and assuming the best time 
for the water to remain in the mixer to be 30s, the volume was found to be 187ft3. Dimensions were 
found to be length = 3.95ft, width = 3.95ft and height = 11.85ft. If efficiency is assumed to be 70% the 
power required to mix each tank at 500 sec-1 was found to be 2.14kW, resulting in an electricity bill of 
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~$7300 to continuously run all three rapid mixers at once. Paddle revolution rate was found to be 
75rpm. 
Slow Mix Tanks:  Based on the flow rate through each unit, and assuming the best time for the water to 
remain in each stage of the process was 10min, the volume of each step was found to be 2435ft3. 
Dimensions were found to be 9.33ft, 9.33ft and 27.99ft for length, width and height respectively. Mixing 
intensity was assumed to be is 50s-1 for mix 1, 35s-1 for mix 2 and 20s-1 for mix 3. The power required at 
each step was found to be 0.0075HP, 0.0051HP and 0.0028HP with mixing paddle speeds likewise being 
0.95rpm, 0.85rpm and 0.70rpm. 
Chemical Dosing: It was determined that aluminum sulfate was the appropriate coagulant for Lake 
Champlain water as the water naturally fell within the ideal pH range and temperature range for alum 
treatment. 35
  
 
  was determined to be the ideal dose for this facility, which did not exhaust the natural 
alkalinity of the water, meaning no lime dosing was deemed necessary. Total yearly dosing mass for the 
entire facility was approximated to be 1043Kg costing an estimated costing $260.75 each year. 
Settling Tank: A desired overflow rate was identified to be 25
  
    
 which corresponded to a 400   tank 
surface area; with a width of 14.14m and a length of 28.28m. With these parameters it was determined 
that total tank volume was        with a reaction time of 4.7hours and a horizontal flow velocity of 
one tenth 
  
   
. One 14.15m long weir was deemed necessary. 
Filtration System: It was determined that a filtration system containing 35   of gravel on top of 173   
of sand would be ideal for this facility. Assuming an additional 23.11   of influent water waiting to be 
filtered above the gravel, the total filter tank volume would be        with length, width and depth 
values of       ,        and 2m respectively. Water velocity through the media was assumed to be 
 
   
   
  averaged from the theoretical ranges of filtration water velocity. Total time of filtration was 
identified as 66minutes. Backwash times need to be determined upon observation of velocity decline 
over time. 
Ultrafiltration Membrane System: Ideal flux was identified to be    
 
     
 which corresponded to 4 
       surface area hollow tube membrane frames per unit. Each frame filtered       
   
   
. 16 total 
frames were deemed necessary for the entire facility, with a filtered water/NaOH backwash feed 
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occurring every 22 days (staggered between each of the 4 frames). From the research identified in this 
MQP removal of T&O compounds present should be at least 80%. 
Disinfection: Chlorine was the chosen disinfectant as DBPs were not a concern due to the excess step of 
UF membrane filtration. It was identified that the necessary dose to provide 3
  
 
 of free chlorine post 
breakpoint was 13.36
  
 
. This resulted in a slurry flow of    
   
   
 which corresponds to a total of 398kg of 
chlorine every year costing $597. 
Storage Tank: It was determined that the ideal contact time for the free chlorine dose of 3
  
 
 to 
successfully inactive Giardia to a 2 log removal was 23 minutes. To allow sufficient time for chloramines 
to react and reduce in concentration the contact time was multiplied by ten, to be increased to 230 
minutes. For the entire daily flow to be successfully stored for disinfection time, and allocation to the 
distribution system when needed a cylindered tank with a volume of        was identified with a 
diameter of 14.5 and a height of 29m. 
Conventional Water Treatment Facilities  
The primary purpose of a water treatment facility is to remove any particles and suspended substances 
that would hinder the efficiency and effectiveness of the disinfection portion of the treatment process. 
The secondary goal is to improve the appearance and aesthetic qualities of the water (i.e. taste, color, 
clarity and smell). The first is notably and rightly so the most important aspect of water treatment as it is 
directly related to human health. The second is lesser in importance in comparison to pathogen 
deactivation, but is still important because it is directly related to consumer confidence and satisfaction. 
Cloudy, smelly water may be harmless when it comes to human health, but most consumers associate it 
with health implications and then complain to the water treatment facility.  
Water treatment plants are not designed to remove toxins such as lead and arsenic. The processes to 
remove both of these naturally occurring and anthropogenic toxins are chemically complex, expensive 
and time consuming. Because of this they are only added into a typical water treatment design if it is 
necessary and are thus referred to as site specific processes.  
The conventional design of a water treatment facility consists of a number of steps that can be found in 
most every civilian water treatment facility in the United States. Process steps include screening, 
aeration, rapid mixing, slow mixing, settling, filtration and disinfection, followed by storage and 
distribution.  
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Figure 21: Flow diagram of a conventional surface water treatment plant 
(Viessman et al ,  2009)  
Screening: The intention of this initial step is to pretreat surface water. This process is to remove any 
large debris that is in the water such as sticks, rocks, leaves or trash.  
 
Aeration: Aeration is one of the first processes in which iron (Fe) and manganese (Mn) are removed 
from the water. It is also an effective way to remove dissolved gases like hydrogen sulfide and carbon 
dioxide from the water. The aeration process is achieved by pumping the water into a non-pressurized 
tank, where it is then agitated. This causes the Fe and the Mn to oxidize, and be filtered out. Dissolved 
gases get released from the water in the process allowing them to be vented away from the water. 
During aeration the concentration of dissolved oxygen (DO) in the water is increased.  
 
Rapid Mix: A chemical, such as Aluminum Sulfite, is added to the water at this step in the process with 
the intention to induce particulate coagulation forming floc. The water is then rapidly mixed to be sure 
that the chemical added is evenly dispersed throughout the entire volume. 
 
Slow Mix: Located immediately after the rapid mixing tank, this is where flocculation takes full form. The 
water is slowly churned for a longer period of time, allowing for the additive to attract the particles in 
the water inducing flocculation. The slow mixing speed is to prevent the breakage of the floc, which 
becomes more fragile as it increases in size. 
 
Settling: The settling tank, (aka sedimentation basin or clarifier) is a large tank with a very low flow rate, 
which allows floc to settle out. The amount of floc that settles is dependent on the duration of time that 
the water spends in the settling basin, and the depth of the basin (deeper allows for more settling). The 
settlement of the floc becomes what is known as sludge, the volume of sludge is usually equal to 3-5% 
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of the total volume of the water treated. The sludge must be removed from the basin and treated. 
Sludge treatment is very expensive for water treatment facilities. 
 
Filtration: After floc has settled the water is strained in the filtration tank. The most common type of 
filter is a rapid sand filter. Here water moves vertically downward through a layer of anthracite coal and 
sand. The anthracite coal removes many organic compounds, improving the odor and the taste of the 
water. The area between the sand particles at the smallest is much larger than the smallest particle 
suspended in the water. Particles get trapped by the pore spaces and adhere to sand particles. 
Backwashing is necessary to clean out the filtration media from time to time. 
 
Disinfection: The addition of chlorine, UV radiation, or any other form of disinfectant occurs post settling 
and filtration and is to remove any bacteria in the water. The removal of large particles and floc allows 
for the disinfestations to be much more effective, as the bacteria cannot “hide” behind the large 
particles. 
 
Storage Tank: After disinfection the water is moved to a storage tank for an unspecified amount of time, 
to allow disinfection to occur, and to hold water in times of low demand for future demand peaks.  
 
As indicated by the title of this work, an ultrafiltration membrane technology step is to be added to this 
plant’s design. For years ultrafiltration membranes have been used to filter out very small organic 
compounds in certain industries (Pepsi and Coke processing, for example), but it has very rarely been 
used for water treatment. The form of membrane technology most often used in water treatment is 
reverse osmosis, and this technology is most often only applied to applications that need extremely 
purified water (semiconductor manufacturing). Ultrafiltration membranes have only been applied to 
water treatment in theoretical research projects in university and industry laboratories.  
 
This MQP identified that it was possible to remove six different T&O compounds from water using a 
100kDa UF membranes, and additionally there was an improvement of removal by modifying the 
100kDa membrane (giving it a negative charge).  T&O compounds varied in size from 50 
 
   
 to 190 
 
   
 
with a removal efficiency of approximately 70% for the smallest compound and ~100% for the largest 
compound assuming ideal conditions. Ideal conditions were determined to be the simulated feed water 
that exhibited the best overall removal: no presence of NOM, and an acidic pH (3-4). Further research 
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showed that the modified membrane also successfully removed the compounds with slightly higher 
efficiencies at these conditions. The research supports the theory that someday membrane technology 
could be used to remove T&O compounds in water treatment facilities, but more research and design is 
necessary for this technology to be implemented.  
Demographics and Water Usage 
Burlington, Vermont is the largest town in the state of Vermont covering 10.31 miles. It is located in 
Chittenden County which is the most populated and fastest growing county in Vermont. It is situated 
along Lake Champlain, a 120 mile long, 12 mile wide body of water which provides the city with all of its 
water needs. This is both good and bad, as there is never a shortage of water, but when the lake 
succumbs to a problem (explains algae blooms) it can become a major issue for the city. 
 
Figure 22: Burlington Vermont highlighted in red (US Census Bureau, 2011)  
According to the US census bureau as of 2010 Burlington contained 42,417 of Vermont’s 625,741 total 
residents, up 9.1% from the 2000 population of 38,889. These 42,417 residents are estimated to live in 
approximately 16,851 households in the city. It is estimated that Burlington will continue to grow at this 
steady rate or slightly slower over the next decade, due to high property and rental prices and high 
property tax and income tax rates deterring some from committing to the town for the short and long 
run. 
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With a fairly strong business center and market place Burlington has a strong rate of tourism estimated 
at about 25,000 a day (averaged over a year) drawn in by the lake and local charm. With 4,215 
commercial businesses located in the city (2007 estimate), Burlington is a strong city that provides its 
citizens with all they need in a relatively close area (US Census Bureau, 2011).  
Because of the city’s convenient location along Lake Champlain the majority of the households and 
businesses acquire their water not from private wells like the rest of the state, but from the water 
treatment plant which takes water directly from Lake Champlain. This means that the demand on the 
treatment facility includes all of the above mentioned values: 42,417 residents (50,487 by 2030 
assuming a 9% increase per decade), 25,000 tourists (amount estimated to remain as is) and 4,215 
businesses (estimated to remain the same). Assuming each individual resident and tourist consumes 
100gpd and each business 75gpd, the water treatment facility needs to produce at least 7,865,000gpd. 
This demand will vary throughout the day as average hourly demand is much lower than total demand 
per day. The average hourly demand for Burlington would be approximately 328,000gph. This is an 
estimated minimal to be enough to meet the needs of Burlington, VT through 2030 only. 
 
Figure 23: Graphical representation of Burlington’s water demand pe r hour 
The water demand was predicted as shown in figure 23 based upon the demographic trends of the 
residents of Burlington. The majority of the citizens work 9AM to 5PM jobs, with some starting earlier 
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others later. Additionally with an under 18 population (2010) of 5,727, a number of children are heading 
to school around 7 and 8AM, returning between 3 and 5PM. Because of this a strain is put on the water 
demand around 6 to 9AM in the morning and 5 to 7PM at night. Likewise, the late evening hours and 
early morning hours are well below the average hourly demand of 328,000gph as most people are 
asleep. Burlington, Vermont has a handful of bars and clubs that are open through these early hours of 
the morning, but being a family town, the impact from these businesses on the water demand at these 
hours was estimated to be minimal. The treatment facility is designed to produce enough water to meet 
the average demand, not the peak. So during times of slow water use amongst the consumers water is 
stored in storage tanks throughout the distribution system. When the peak demand is needed water can 
be both taken from the treatment facility as it is being produced, and the remaining deficit of water can 
be retrieved from these storage tanks. 
From the calculated minimal daily production of water, it was determined that the most efficient 
process for this particular water treatment facility would have four units. A unit is the total passage 
through the water treatment plant consisting of rapid and slow mixers, settling and filtration tanks, UF 
membrane systems and disinfection. In designing a water treatment facility one unit will be planned for 
the purpose of a backup only. In this particular case there will be four total units, three to be in use 
twenty-four-seven and a fourth to be used in case one of the first three goes off-line. An even 
distribution of flow will pass through each of the three active units. Seeing that the minimal necessary 
water production for Burlington is 7,865,000gpd, each individual unit will process and produce 
approximately 2,622,000gpd. 
Water Source 
As mentioned previously the source of Burlington’s water is Lake Champlain. Lake Champlain is a 
natural, freshwater lake located primarily within US boarders between New York state and Vermont. 
Between the entire state of Vermont, New York and a small part of Canada over 250,000 people obtain 
their drinking water from the lake. The water that Burlington’s treatment plant uses is pumped in from 
over 4,000ft out and at a depth of 40ft. The intention of this is to prevent any chance of land pollution 
from directly influencing the water intended for treatment. Water taken from further out in the lake has 
had more chance to dilute from runoff and dumps. Likewise logic is used for obtaining the water not at 
surface level, less chance of bringing in floating pollution (logs, trash bags and surface spills) (EPA, 2010). 
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Figure 24: Lake Champlain (EPA, 2010) 
Screening 
Pretreatment starts with the application of screen or a bar rack that is intended to remove any debris 
that may have been pumped in from Lake Champlain. Medium coarse screens (20-50mm) made of steel 
are ideal for lake water obtained at some depth to prevent the most common debris, small sticks, from 
proceeding further into the process (Droste, 1997)(Viessman et al, 2009). Medium coarse screens must 
be installed on an incline to facilitate the removal of this debris. Ideal velocity of the water flowing 
through the screen is 0.6
 
 
  and can be achieved through automatic pumping from the source water in 
the lake. Manual cleaning is ideal for this particular facility as the entering water is not (theoretically) 
dangerous (unlike industrial wastewater) (Droste, 1997). An optional grit chamber can precede the 
screening step to settle out any of the debris that managed to pass through the screen. 
Ideal sizing for bar rack is as follows: 
Assuming necessary flow for effective debris removal is 0.6
 
 
  (or 2
  
 
 ), Equation 12 can be used to 
determine ideal cross area of the screen, 
                       Cross                                                             (Equation 12) 
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Assuming an ideal ratio of 1 to 2 of depth to width (Droste, 1997), depth (or height) and width of the 
screen can be determined,  
                         
Aeration 
Aeration systems are designed to initiate ‘breaking’ of the water into smaller volumes to encourage 
mass transfer due to the increased surface area. The intention of this mass transfer is to turn the 
dissolved iron (4Fe(HCO3)2)  and manganese (2Mn(HCO3)2) into their insoluble forms, 4Fe(OH)3
- and 
2MnO2. These precipitates can then be removed with settling and filtration later in the water treatment 
process. Additionally, carbon dioxide is released in this step as a byproduct of the Fe and Mn oxidation 
(GE, 2012).  
Removal of dissolved Fe and Mn is a common water treatment consideration for facilities that obtain 
their water from enclosed underground water sources (groundwater, aquifers), alternatively surface 
water sources that have runoff pollution contain high levels of Fe and Mn can utilize aeration 
technology. Because Lake Champlain is an above ground source, and possessed very little identified 
points of entering runoff containing these elements (Mallet’s Bay has been linked to runoff containing 
traces of Mn, source identified as the Talc mines of Johnson, Vermont), it was determined that aeration 
technology was unnecessary for this particular facility. Furthermore, aeration technology in water 
treatment is deemed unsuitable in cold climates, being an outdoor (exposed to elements) process 
typically, and very energy intensive at ideal warm climate, the efficiency drastically decreases. As the 
average monthly temperatures (January to July) being -7.8 to 21.4 °C and the record recorded low being 
−34 °C, Burlington, Vermont spends a good portion of the year below freezing, making it not an ideal 
location for aeration technology.  
Chemical Dosing 
Coagulation is a process where a chemical/s is added to water that contains small particulate matter and 
natural organic matter (NOM) (colloids) most often surface waters, like Lake Champlain. The addition of 
a coagulant destabilizes the charge of each individual particle, reducing the repulsion that the colloids 
have for one another. With the addition of a coagulant at the rapid mix step, and the aid of the slow mix 
process, both discussed in more detail further on, the colloids are given the opportunity to coagulate, or 
form floc, where they are able to grow to a size that can then be settled or filtered out later on in the 
water treatment process. 
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The most commonly used coagulant is aluminum sulfate (Al2(SO4)3) (aka alum). Alum reacts with the 
natural alkalinity of the water it is added to, to form soluble aluminum hydroxo complexes (Reactions 1 
and 2). If sufficient alum is added, and water pH is adjusted (if necessary) to remain within the ideal 6-8 
pH range, hydroxoid floc/precipitate is formed, aiding in the coagulation/flocculation of the colloids 
present. 
Al2(SO4)3 ∙ 14.3H2O + 2H2O → 2Al(OH)
2+ + 2H+ + 3SO4
2- + 14.3H2O                  Reaction 1 
Al2(SO4)3 ∙ 14.3H2O + 6H2O → 2Al(OH)3 + 6H
+ + 3SO4
2- + 14.3H2O                   Reaction 2 
Because alum reacts with the natural alkalinity in the water, approximately 1
  
 
 of alum added will 
decrease the alkalinity by 0.5
  
 
 (as shown in Equation 3), the pH can be depressed if enough alum is 
added. If natural alkalinity is not present, or not present enough, lime can be added with a ratio of lime 
to remaining alum of 222:600 (Viessman et al, 2009). 
From 1992-2010, Vermont environmental officials recorded the natural alkalinity levels of various 
locations of Lake Champlain (Figures 25 & 26). In 2010, bays, arms and the northern and southern ends 
of the lake reported alkalinity values varying from 35
  
 
 to 55
  
 
. The ‘main lake’ location, the closest of 
the locations to the water treatment plant’s water influent site recorded a level of 53
  
 
 in that year. 
The same report also analyzed the pH at each of the sampling locations, with 2010 results ranging from 
7.5-8.5, with ‘main lake’ sampling site recorded as 7.4 (Vermont Agency of Natural Resources, 2010). 
 
62 
 
 
Figures 25 & 26: Alkalinity sample locations and corresponding data comparisons 
(1992-2010 data)(Vermont Agency of Natural Resources, 2010) 
 
The conventional range of alum dosage in water treatment is 5-50
  
 
, and necessary lime dosage is 
determined by the alum dosage in comparison of the natural alkalinity levels found in the water. Lake 
Champlain, having a natural alkalinity measurement of 53
  
 
 at influent site could handle 106
  
 
 of alum 
dosage before all alkalinity is consumed (theoretically). This is more than double the extreme end of the 
conventional range of alum dosing, indicating that no additional alkalinity in the form of lime is 
necessary to add to the influent waters to keep them at a pH of 7.4 ± 0.5, which is ideal for alum induced 
coagulation. 
Lake Champlain falls into the range of ideal pH (6-8) and temperature (3-20° Celsius) for alum dosing. 
Lake Champlain is also a very slow flowing body of water, allowing much of the turbidity ample time to 
settle out. Because of these factors the extreme dose of 50
  
 
 is unnecessarily high, as the water is at 
optimum conditions and theoretically low turbidity. A more reasonable alum dose would be 35
  
 
. 
With an alum dosage of 35
  
 
, no lime addition necessary and daily water demand being 7,865,000gpd, 
total mass of chemicals needed on a yearly basis can be determined for the facility, 
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The typical price of alum is anywhere from $200-$300 per metric ton; assuming the above quantity of 
alum and a price of $250 per metric ton it will cost this facility $260.75 each year on alum (DCG, 2011).  
The additive of the chemical into the water being treated is through what is called a slurry. A slurry is a 
very highly concentrated solution, usually about 5,000
  
 
, of the chemical for dosing in water. The slurry 
is then slowly fed into the actual water that is being treated at a rate that it will dilute out to the desired 
concentration, in this case 35
  
 
. Equation 13 can be used to determine the minute, hourly and daily 
rate that the alum slurry must be pumped into the water pre-rapid mix before the water splits off into 
the three treatment units, for maximum coagulation, 
                                                           (Equation 13) 
                                                   
       
   
   
   
  
 
 
     
  
 
      
   
   
     
   
    
   
   
   
    
Rapid Mix 
Upon the addition of alum the water undergoes the rapid mix portion of the process. The water is 
stirred using a vertical-shaft impeller in a tank with stator baffles which reduce the rotational flow of 
vortexing around the shaft of the impeller which can make mixing less effective. The entire process 
ideally takes between 10 and 30 seconds within a square tank, which is superior to a cylindrical vessel. 
Ideal sizing for each of the four Burlington, Vermont rapid mixers can be determined as follows: 
Assuming 30 second mix time, Equation 14 can be used to identify the necessary volume for each rapid 
mix reactors, 
                                                       (Equation 14) 
               
   
 
 
     
         
  
     
         
         
Assuming width to height ratio of 1 to 3, and a width to length ratio of 1 to 1, the length, width and 
height can be determined for the rapid mix reactors, 
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Ideal and most efficient paddle length is 1ft shorter than the length/width of the actual reactor, allowing 
for 6 inches of clearance between the closest point of the walls and the paddle. From this ideal paddle 
length is approximated to be 2.95ft. 
Power consumption and cost to operate each of the Burlington facility’s rapid mixers: 
Assuming the mixing intensity (G) is 500s-1 and the lake’s water temperature (averaged for the entire 
year) is 15° Celsius making the viscosity ( ) of the water 1.139X10-3
   
 
 (Viessman et al, 2009), Equation 
15 can be used to calculate the power necessary to mix, 
                                                                               (Equation 15) 
                                  (                    
   
 
         
        
     
       = 2.01HP 
*Assuming 70% efficiency real necessary input of mixer is, 
                                                                    
      
    
      W = 2.86HP 
To operate all three mixers as designed 12.63kW is necessary. As current pricing for Green Mountain 
Power for commercial and industrial services stands at $0.13456/kWH, it will cost just under $7,312 to 
continuously power all three rapid mixers for this facility (Green Mountain Power, 2010). 
Theory states that a flat paddle impellor should have a coefficient of drag (Cd) equivalent to 1.8, and a 
ratio of the rotational velocity of the water to the velocity of the paddle (k) of 0.25-0.5, 0.3 being the 
most common in a conventional water treatment facilities (Viessman et al, 2009). Assuming these to be 
true and that the paddle contains three arms with one blade each with the radius from the shaft to the 
paddle being 0.725ft, and the length of each paddle to be 2.95ft* the 
   
   
 (N)at which the paddles in 
each mixer spin can be determined using Equation 16 (water temperature is 15° Celsius), 
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*Assumptions made regarding radius and length were based upon the reactor’s length/width and height 
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Figure 27: Schematic of rapid mix reactor (Viessman et al ,  2009)  
Slow Mix 
The slow mix portion of water treatment is a 3 step process where the water spends an equal amount of 
time in three different (equally sized) reactors, each at a decreasing mixing intensity. The mixing 
intensity in each of the steps of the slow mix reaction is far smaller than that of the rapid mix while the 
time spent in the slow mix is much greater, this is to encourage floc formation and discourage floc 
breakage. Vertical shaft impellors are used in slow mixers like in the rapid mixers. 
Assuming desired mix time in each of the three steps is 10 minutes, Equation 14 can be used to 
determine the necessary volume of each of the 3 mixers in each unit, 
                                                       (Equation 14) 
                 
   
 
 
     
     
  
     
         
          
Assuming width to height ratio of 1 to 3, and a width to length ratio of 1 to 1, the length, width and 
height can be determined for the rapid mix reactors, 
                                    
Ideal and most efficient paddle length is 1ft shorter than the length/width of the actual reactor, allowing 
for 6 inches of clearance between the closest point of the walls and the paddle. From this ideal paddle 
length is approximated to be 8.33ft. 
Assuming the mixing intensity (G) is 50s-1 for mix 1, 35s-1 for mix 2 and 20s-1 for mix 3, and the lake’s 
water temperature (averaged for the entire year) is 15° Celsius making the viscosity ( ) of the water 
1.139X10-3
   
 
 (Viessman et al, 2009), Equation 15 can be used to calculate the power necessary to mix, 
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Assuming 70% efficiency real necessary input of each mixer is, 
             
         
    
                   
             
         
    
                   
             
         
    
                  
To operate all three mixers in the three units of the plant as designed 0.0348kW is necessary. As current 
pricing for Green Mountain Power for commercial and industrial services stands at $0.13456/kWH, it 
will cost just under $40 to continuously power all three slow mix units for this facility (Green Mountain 
Power, 2010). 
Theory states that a flat paddle impellor should have a coefficient of drag (Cd) equivalent to 1.8, and a 
ratio of the rotational velocity of the water to the velocity of the paddle (k) of 0.25-0.5, 0.3 being the 
most common in a conventional water treatment facilities (Viessman et al, 2009). Assuming these to be 
true and that the paddle contains three arms with two blades each with the radii from the shaft to the 
paddle being 1.04ft and 3.13ft, and the length of each paddle to be 8.33ft* the 
   
   
 (N)at which the 
paddles in each mixer spin can be determined using Equation 16 (water temperature is assumed to have 
remained at 15° Celsius), 
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*Assumptions made regarding radii and length were based upon the reactor’s length/width and height 
 
 
Figure 28: Schematic of slow mix reactors (Viessman et al ,  2009)  
Sedimentation 
Settling tanks are large tanks with very low flow to encourage floc formed in the mixes to settle out. The 
settled material is collected as ‘sludge’ and is periodically collected and transported (usually off site) to 
be burned or put into a landfill (toxin dependent, a common problem for wastewater treatment, not 
water treatment). Floc settling is dependent on a number of factors, including the flow/time spent in the 
settling basin (length of basin), and the depth of the basin. 
According to theory, depth of tank should be no less than 2.4m but not larger than 4.9m, with maximum 
length not exceeding 75m. Additionally the length to width ratio of the tanks is approximately 2 to 1. 
Overflow rate (Vo) should be between 20 and 70 
  
    
 (Droste, 1997). Using said assumptions and 
assigning a desired overflow rate of 25
  
    
 Equation 17 can be used to determine the necessary surface 
area of each settling basin and with that length and width (Viessman et al, 2009),  
                                                                            
    
  
   (                                                     (Equation 17) 
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Applying the maximum depth theory ‘allows’ (4.9m) to encourage maximum settling, total volume can 
be determined along with time (which should be anywhere between 2-6hours depending on parameters 
(Viessman et al, 2009) and horizontal flow velocity using Equation 18, 
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Weir loading rate must be below 1,250
  
   
 (Droste, 1997), total weirs can be determined using Equation 
19, 
       
    
            
                                                    (Equation 19) 
      
       
   
  
     
           
        
     
   
  
   
         
Because width of settling basin is 14.14m, only one weir is needed. 
The floc that settles out in this step, as mentioned previously, is referred to as ‘sludge’. Sludge 
production for an efficient settling basin is approximately 3%. Based upon the parameters of the 
identified above it is a safe assumption that the settling tank designed above will be closer to the 5% 
range as its overflow rate is on the low end, its reaction time is on the high end, and its horizontal flow 
rate is on the extremely slow side of theoretical parameter ranges. Assuming this 5% sludge production 
value we can determine the approximate daily amount of sludge production in all three of the settling 
tanks, 
                                     
   
 
  
    
       
       
   
   
  
   
Figure 29: Schematic of rectangular settling basin (Viessman et al ,  2009) 
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Filtration 
The remaining floc that failed to settle in the settling basin will continue through to the filtration step, 
where water is filtered through a media where the remaining floc particles adhere to the media (to an 
extent) and remain behind in the filter as the water continues through. Sand is the most common media 
for water treatment facilities.  
Flow rate of water through the media is the determining factor for sizing. Average velocities range from 
2-6
   
   
 (Droste, 1997). Assuming a flow velocity that is the average of the minimum and maximum 
recommendations (4
   
   
) the surface area of the top of the filter can be determined using Equation 17. 
Length and width can be found additionally assuming a ratio of 1:1, 
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At a filtration velocity of 2-6
   
   
 ideal sand filters consist first of a bed of gravel of a depth of 0.3m, on 
top of a bed of sand with a depth of 1.5m. Pore size decreases from the top of the filter to the bottom of 
the filter (gravel pores > sand pores) to prevent filter clogging. Assuming an additional 0.2m of influent 
unfiltered water above the gravel layer results in a total filtration tank depth of 2 (Droste, 1997). Volume 
and time in filter can be determined accordingly, 
         
             
                                            
     
       
   
 
 
     
         
  
        
     
     
   
    
        
The volume of gravel and the volume of sand are necessary to determine pricing. Volume of sand is 
approximately 173   and the volume of gravel approximately 35  , for each of the three filtration 
systems. Backwashing is a necessity for filtration systems, and requires the pumping of clean (freshly 
filtered) water up through the media. It is impossible to predict how quickly the media will clog to the 
extent that backwashing is desired without observation of decline of water velocity through the media. 
Material washed out of filtration media is normally disposed of with sludge from settling tank. 
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Ultra Filtration Membrane  
Lake Champlain undergoes bouts of sever algae growth due to excess levels of phosphorous which have 
accounted for a number of water advisory warnings regarding T&O compounds between the years of 
2001-2009,  including Geosmin and 2-MIB, both analyzed for removal in this MQP (SWSC, 2009). 
The UF membrane step was place immediately following settling and filtration so that all large particles 
(NOM, etc.) and ionic strength would be filtered out. Research from this MQP indicated that membrane 
technology removed T&O compounds more effectively when there was no NOM or ionic strength 
present. Water was run through the membrane at a relative pH of 7.5, as influent Lake Champlain water 
had a pH of 7.5-8, and was estimated to be slightly lowered by the addition of alum and the mixing 
processes. This MQP identified that the membranes removed more T&O compounds with a more basic 
pH (3.5 vs 7.5). In water treatment it is not feasible to lower the water pH to such a basic level only to 
raise it back to a neutral level immediately after. This would require a large amount of chemicals and 
would be quite expensive. It was demonstrated that with the unmodified and modified membrane at a 
pH of 7.5, successful removed all T&O compounds was observed tested at a removal rate of over 90% 
and 95% respectively.  
There has been little analysis into the application of UF membranes in real world water treatment 
facilities. Only a number of pilot runs have been executed with UF membranes, but all have been 
successful in the area of protozoa and bacteria removal, pre-disinfection, improving the disinfection 
step. The theory derived from these pilot runs identified hollow tubes to be the most efficient 
membrane method and identifies the following theory: Ideal theoretical flux rate through the 
membranes should be no larger than 125
 
     
. Each membrane frame contains 90 membrane 
modules/tubes which by conventional design equates out to 1200   of inside membrane area per 
frame. With these parameters the number of frames per unit flow can be determined for this water 
treatment facility, 
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2.75 frames per unit equates out to 4 frames necessary for every unit, 3 to maintain the flow and 1 
backup to redirect the water flow in case one of the frames goes down. A total of 16 frames will be 
necessary for the entire plant in case the flow needs to be redirected into the fourth extra unit which 
will additionally need its own 4 UF membrane frames. 
With feed water pre-filtered, backwash time for each frame was identified to be 22days, unless flux 
dramatically declines before this time. A 1500
  
 
 backwash feed per fiber should be used, and 
backwashing should be staggered amongst the 4 frames so 3 (including the backup) are always in 
process.  Backwash water should be treated through filtration and contain NaOH for successful chemical 
cleaning of the membranes. Backwash water should be immediately neutralized with acid before being 
discharged to a sanitary sewer (Viessman et al, 2009). 
From this MQP any T&O compound ranging in molecular weight from 50-180+
    
    
 should be 
successfully removed by at least 80% (compared to pre-UF filtration concentration) by the time it moves 
onto disinfection and storage. Additional benefits from UF membrane filtration is some disinfection 
(pathogen removal) is undergone allowing the disinfection step to be that more effective at inactivating 
the remaining pathogens. 
Disinfection 
The final step in water treatment is the addition of a form of disinfection (chlorine, UV and ozone) to 
inactive any pathogens in the water that could transmit waterborne illnesses. The most common form of 
disinfectant is chlorine and is the disinfectant of choice for this design. Chlorine comes in two forms– 
free and combined. Combined chlorine occurs when chlorine is added to water containing ammonia. 
Three forms of chloramines are formed (Reactions 3-5) when chlorine reacts with the natural (or added) 
ammonia in the water. The first two, monochloramine and dichloramine are desirable in water 
treatment as they remain in the water for a large amount of time and are thus capable of inactivating 
pathogens that made it past the primary disinfectant.  The third, trichloramine, is undesirable in any 
portion of disinfectant as it has no disinfecting properties. This is referred to as secondary disinfectant. 
Primary disinfectant, as mentioned, occurs with the initial dose of chlorine when it reacts with the 
ammonia and the remaining unreacted chlorine (free chlorine) is allowed to react with the pathogens in 
the water.  
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             NH3 + HOCl → NH2Cl + H2O                                               (Reaction 3) 
              Monochloramine 
          NH2Cl + HOCl → NHCl2 + H2O                                               (Reaction 4) 
          Dichloramine 
          NHCl2 + HOCl → NCl3 + H2O                                                  (Reaction 5) 
           Trichloramine 
 
Figure 30: Chlorine breakpoint curve (Masten and Davis, 2009)  
The chlorine breakpoint curve visually demonstrates how the dose of chlorine is equal to the demand 
(reacted with ammonia, chloramines) and the residual (the free chlorine). It is also where the 1.5:1 ratio 
of chlorine to ammonia ratio is derived, which means that 1.5moles of chlorine reacts with 1mole of 
ammonia. This ratio and molar masses of chlorine and ammonia can be used to determine how much 
chlorine is necessary to reach breakpoint, and thus the total dose of chlorine necessary to also have free 
chlorine present, 
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From the above ratio, Equation 19 can be derived to determine how much chlorine is necessary to reach 
the breakpoint. It is also necessary to know the amount of ammonia present in the water. As previous 
steps in the process do not actively remove ammonia, the ammonia concentration in the disinfection 
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process should be approximately that of the influent water from the lake. According to state 
environment records the ammonia concentration of Lake Champlain has remained at an average of 
1.36
  
 
 (2009-2011) (Vermont Watershed Management Division, 2012). With this, and necessary 
concentration of free chlorine (post breakpoint) being 2-5
  
 
 (assumed to be 3
  
 
) total overall dose of 
chlorine can be determined using Equation 19, 
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        (Equation 19)    
              
   
  
 
   
 
  
 
      
     
  
 
       
  
 
      
  
 
   
To achieve the desired concentration of chlorine, like with the coagulant addition, a slurry must be 
prepared that can continuously pump the chlorine into each flow of water (flowing into storage). Using 
Equation 13 and assuming the generic slurry concentration 5,000
  
 
 the flow rate of chlorine slurry into 
the water can be determined for each of the three units which will be feeding into one storage tank so 
only one slurry pump is needed, 
                                            
       
   
   
      
  
 
 
     
  
 
      
   
   
    
   
    
     
   
   
    
Total mass of chlorine can be determined for a yearly basis for all three units, 
             
    
  
          
   
  
      
   
  
       
 
  
   
         
     
  
    
 
The relative bulk purchase price for chlorine is $0.15 per 100g. For 398Kg it would cost $597 per year for 
this facility to purchase disinfectant (ASG, 2012). 
A main concern in chlorine disinfection is the production of disinfectant byproducts (DBPs) formed when 
the disinfectant reacts with organic matter found in the water. This was not a concern for designing the 
disinfectant step of this treatment facility as the entire treatment process focuses on the removal of 
these matters (NOM, T&O, etc.) through the coagulation/flocculation, settling, filtration and the 
additional UF membrane process. 
Storage 
Immediately following the addition of the chlorine the water will feed into a storage tank where 
the chlorine is able to react; the chloramines are formed and the free chlorine react with the 
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pathogens either killing or inactivating them. Free chlorine reacts quickly and does not remain 
in the water post-storage tank, while chloramines remain in the water for a  longer amount of 
time to continue inactivating any pathogens that the free chlorine failed to inactive. The 
storage tank additionally allows for water to be distributed when needed (high demand) and 
stored when not (low demand) to prepare for further high demands.  
 
The effectiveness of the chlorine is dependent on two factors – concentration of free chlorine 
and contact time. To determine ideal contact time for the chlorine dose identified above, a 
mathematical model is used that takes into account the concentration of free chlorine, the 
contact time and the EPA removal guidelines for different pathogens. For this design Giardia 
was chosen which EPA requires water treatment plant facilities to be treat to a 2 log removal 
(only 0.01% remaining post disinfection). With this removal, the  
  
 
 free chlorine dose and the 
rate coefficient for Giardia being 0.067, Equation 21 can be used to determine the ideal free chlorine 
contact time, 
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)                                                         (Equation 21) 
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Additional time should be allotted in the storage tank so the chloramines have time to react 
and be less concentrated by the time the water enters the distribution system. Theory states 
time should be multiplied by 10 to achieve an acceptable chloramine level in the distribution 
system. It was determined that ideal time in storage tank is 230 minutes. 
 
With time and flow known, the volume of the tank can be determined, along with the design 
parameters. Ideal storage tanks are designed as cylinders, with a diameter to height ratio of 1 
to 2, 
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Appendix  
 
Membrane Flux Data 
 
No Simulated Feed Water Sample  
 
Table A1: Experimental Data Collected for Unmodified Membrane Flux Determination 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 18.3925 26.8787 196 380.1682429 
2 0.06 17.9819 25.3293 133 485.0658353 
3 0.08 18.0307 25.0731 101 612.2347259 
4 0.1 17.9898 25.6063 92 726.9194062 
Experimental Data Collected for Modified Membrane Flux Determination 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 17.4421 23.1361 235 212.7493513 
2 0.06 13.906 19.5316 165 299.3667406 
3 0.08 13.9309 19.5111 122 401.6137545 
4 0.1 13.7964 20.2723 114 498.7856226 
 
Example calculations for Flux: 
Unmodified 0.04 MPa:           Unmodified 0.06 MPa:           Unmodified 0.08 MPa:         Unmodified 0.10 MPa: 
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Modified 0.04 MPa                  Modified 0.06 MPa:                 Modified 0.08 MPa:             Modified 0.10 MPa: 
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Figure A1. Flux comparison of unmodified and modified UF membranes, No Prep in 
Simulated Feed Water Sample 
Simulated Feed Water Sample #1 
 
Table A2: Experimental Data Collected for Sample #1 Unmodified Membrane Flux 
Determination 
# P 
(MPa) 
m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 18.3313 25.0827 180 329.3365854 
2 0.06 13.5811 20.5438 150 407.5726829 
3 0.08 14.0247 21.4304 120 541.8804878 
4 0.1 17.2501 23.7542 90 634.5463415 
Experimental Data Collected for Sample #1 Modified Membrane Flux Determination 
# P 
(MPa) 
m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 12.4472 19.4606 225 273.6936585 
2 0.06 18.3787 25.025 150 389.0517073 
3 0.08 13.8646 20.4185 120 479.5536585 
4 0.1 13.5959 19.1256 90 539.48296 
 
y = 5837.1x + 142.5 
y = 4801.8x + 17.004 
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Figure A2.  Flux comparison of unmodified and modified UF membranes after 24 hour 
immersion in Sample #1 
Simulated Feed Water Sample #2 
 
Table A3: Experimental Data Collected for Sample #2 Unmodified Membrane Flux Determination 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 13.5848 20.5697 195 314.5170732 
2 0.06 13.5976 20.1445 135 425.8146341 
3 0.08 13.8662 20.1505 96 574.7835366 
4 0.1 18.3816 23.2036 65 651.3771107 
Experimental Data Collected for Sample #2 Modified Membrane Flux Determination 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 18.3345 24.5952 195 281.9076923 
2 0.06 14.0268 19.1209 135 331.3235772 
3 0.08 17.2538 22.0177 90 464.7707317 
4 0.1 12.4496 16.1648 60 543.6878049 
 
y = 5249.7x + 110.86 
y = 4439.3x + 109.69 
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Figure A3. Flux comparison of unmodified and modified UF membranes after 24 hour 
immersion in Sample #2 
Simulated Feed Water Sample #3 
 
Table A4: Experimental Data Collected for Sample #3 Unmodified Membrane Flux Determination 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 17.2526 25.4105 215 333.1643789 
2 0.06 14.3539 23.8251 164 507.0838786 
3 0.08 13.5972 21.5195 119 584.5517524 
4 0.1 17.4666 24.5248 89 696.3420115 
Experimental Data Collected for Sample #3 Modified Membrane Flux Determination 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 13.7755 19.7545 222 236.4798945 
2 0.06 13.9934 20.0817 150 356.3882927 
3 0.08 18.3836 24.5757 120 453.0804878 
4 0.1 13.9415 18.8066 83 514.6741111 
 
y = 5797.7x + 85.781 
y = 4593.9x + 83.847 
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Figure A4. Flux comparison of unmodified and modified UF membranes after 24 hour 
immersion in Sample #3 
Simulated Feed Water Sample #4 
 
Table A5: Experimental Data Collected for Sample #4 Unmodified Membrane Flux Determination 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 13.9861 19.7846 170 299.492109 
2 0.06 17.9576 23.8597 125 414.5865366 
3 0.08 13.8957 19.9994 95 564.1417202 
4 0.1 18.0945 23.5945 70 689.8954704 
Experimental Data Collected for Sample #4 Modified Membrane Flux Determination 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 18.0001 25.0102 248 248.1939418 
2 0.06 18.0538 25.2091 179 350.9889631 
3 0.08 17.8375 25.2879 143 457.4695548 
4 0.1 18.692 25.5692 112 539.1533101 
 
y = 5835x + 121.84 
y = 4656.4x + 64.21 
0
100
200
300
400
500
600
700
800
0 0.02 0.04 0.06 0.08 0.1 0.12
Fl
u
x 
(L
/m
2
h
) 
Pressure (MPa) 
Flux Comparison of Unmodified and Modified Regenerated Cellulose 
Ultrafiltration Membrane After 24h Immersion in Sample #3  
Unmodified
Modified
84 
 
 
Figure A5. Flux comparison of unmodified and modified UF membranes after 24 hour 
immersion in Sample #4 
Simulated Feed Water Sample #5 
 
Table A6: Experimental Data Collected for Sample #5 Unmodified Membrane Flux Determination 
# P 
(MPa) 
m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 18.3198 26.1902 240 287.9414634 
2 0.06 12.4341 20.11 180 374.4341463 
3 0.08 17.2413 25.365 150 475.5336585 
4 0.1 13.8942 21.8979 120 585.6365854 
Experimental Data Collected for Sample #5 Modified Membrane Flux Determination 
# P 
(MPa) 
m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 14.0116 20.671 240 243.6365854 
2 0.06 13.5669 20.6762 180 346.795122 
3 0.08 13.7355 21.6288 160 433.1689024 
4 0.1 13.5442 20.5442 120 512.195122 
 
y = 6603.8x + 29.761 
y = 4907.3x + 55.268 
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Figure A6. Flux comparison of unmodified and modified UF membranes after 24 hour 
immersion in Sample #5 
Simulated Feed Water Sample #6 
 
Table A7: Experimental Data Collected for Sample #6 Unmodified Membrane Flux Determination 
# P 
(MPa) 
m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 17.2559 24.9447 200 337.5570732 
2 0.06 13.5848 20.942 150 430.6653659 
3 0.08 13.9101 19.1739 90 513.5414634 
4 0.1 18.3233 22.6869 60 638.5756098 
      
Experimental Data Collected for Sample #6 Modified Membrane Flux Determination 
# P 
(MPa) 
m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 13.7529 21.2486 210 313.4090592 
2 0.06 14.0287 20.724 150 391.92 
3 0.08 12.4469 18.8111 120 465.6731707 
4 0.1 13.5985 19.4444 90 570.3317073 
 
y = 4970.9x + 82.922 
y = 4460.2x + 71.732 
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Figure A7. Flux comparison of unmodified and modified UF membranes after 24 hour 
immersion in Sample #6 
Normalized Filtrate Flux Data 
 
Jo values used to calculate the normalized filtrate flux: 
Table A8: Experimentally Determined Jo (
 
    
) Values for Samples 1-6 
Sample #1 #2 #3 #4 #5 #6 
Unmodified 634.5 651.4 696.3 689.9 585.6 638.5 
Modified 539.4 543.7 514.7 539.2 512.2 570.3 
 
 
 
 
 
 
 
 
 
y = 4929.7x + 135.01 
y = 4222.6x + 139.75 
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Simulated Feed Water Sample #1 
 
Table A9: Experimental Data Collected for Sample #1 Unmodified Membrane 
Normalized Filtrate Flux Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
0 19.7307 75.026 1200 416.2549 0.655988 
12 30.0025 56.3543 1200 198.3725 0.312621 
9 29.8013 51.034 1200 159.8366 0.251891 
14 30.1615 47.8869 1200 133.4342 0.210283 
3 29.8562 46.058 1200 121.9648 0.192208 
Experimental Data Collected for Sample #1 Modified Membrane Normalized 
Filtrate Flux Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
4 30.1048 69.555 1200 296.9753 0.550481 
8 29.9063 54.216 1200 182.9998 0.339213 
10 29.8334 49.104 1200 145.0662 0.268899 
5 29.7724 46.2038 1200 123.6932 0.229281 
1 29.8953 44.6749 1200 111.2587 0.206232 
 
 
Figure A8. Comparison of unmodified and modified membrane normalized filtrate flux for 
Sample #1 
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Simulated Feed Water Sample #2 
 
Table A10: Experimental Data Collected for Sample #2 Unmodified Membrane 
Normalized Filtrate Flux Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
19 29.8296 86.2814 900 566.6145 0.869872 
4 30.1052 82.3461 900 524.3491 0.804985 
17 29.785 79.7575 900 501.5808 0.770031 
13 30.1399 79.3005 900 493.4317 0.757521 
20 29.9183 78.5113 900 487.7346 0.748775 
1 29.8954 77.9834 900 482.6659 0.740993 
Experimental Data Collected for Sample #2 Modified Membrane Normalized 
Filtrate Flux Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
18 29.8648 77.7889 900 481.0208 0.884737 
10 29.8328 74.1598 900 444.9162 0.81833 
2 29.9497 72.4333 900 426.4137 0.784299 
8 29.9061 70.88 900 411.2607 0.756428 
15 29.9509 69.876 900 400.7337 0.737066 
5 29.772 68.5903 900 389.6246 0.716633 
 
 
Figure A9. Comparison of unmodified and modified membrane normalized filtrate flux for 
Sample #2 
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Simulated Feed Water Sample #3 
 
Table A11: Experimental Data Collected for Sample #3 Unmodified Membrane Normalized 
Filtrate Flux Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
10 29.8375 77.6818 1200 360.1649 0.517478 
14 30.1664 60.0259 1200 224.7779 0.322957 
15 29.9727 54.2036 1200 182.4067 0.262079 
7 29.7611 50.914 1200 159.2359 0.228787 
2 29.8921 49.0165 1200 143.9657 0.206847 
Experimental Data Collected for Sample #3 Modified Membrane Normalized Filtrate Flux 
Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
17 29.7877 66.3134 1200 274.9601 0.534942 
5 29.7738 53.225 1200 176.5372 0.343458 
19 29.8311 49.5983 1200 148.8046 0.289503 
18 29.8672 47.85 1200 135.3719 0.263369 
8 29.9723 46.05 1200 121.0306 0.235468 
 
Figure A10. Comparison of unmodified and modified membrane normalized filtrate flux for 
Sample #3 
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Simulated Feed Water Sample #4 
 
Table A12: Experimental Data Collected for Sample #4 Unmodified Membrane 
Normalized Filtrate Flux Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
18 29.865 92.3922 900 627.5941 0.909694 
5 29.7724 86.9705 900 574.1052 0.832163 
4 30.1079 84.4008 900 544.9453 0.789895 
16 29.6765 82.0738 900 525.9189 0.762317 
None 29.7455 80.7524 900 511.9633 0.742088 
1 29.8946 78.6891 900 489.7571 0.7099 
Experimental Data Collected for Sample #4 Modified Membrane Normalized Filtrate Flux 
Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
12 30.0425 76.5468 900 466.77 0.865746 
0 29.7332 73.6915 900 441.2155 0.818349 
2 29.9851 72.4121 900 425.8456 0.789841 
14 30.1615 70.7975 900 407.8691 0.756499 
9 29.8011 69.4975 900 398.4382 0.739007 
7 29.7592 67.9958 900 383.786 0.711831 
 
Figure A11. Comparison of unmodified and modified membrane normalized filtrate flux for 
Sample #4 
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Simulated Feed Water Sample #5 
 
Table A13: Experimental Data Collected for Sample #5 Unmodified Membrane Normalized Filtrate 
Flux Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
20 29.9175 82.6851 900 529.6357 0.904376 
5 29.7642 79.6489 900 500.6996 0.854966 
8 29.8269 77.2526 900 476.0183 0.812822 
10 29.8269 75.3303 900 456.7239 0.779876 
11 29.8066 73.8066 900 441.634 0.754109 
16 29.6702 72.9098 900 434.0018 0.741077 
Experimental Data Collected for Sample #5 Modified Membrane Normalized Filtrate Flux 
Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
1 29.8954 76.0892 900 463.6535 0.905228 
14 30.161 74.2485 900 442.5123 0.863953 
12 30.0018 73.3129 900 434.7195 0.848738 
3 29.8558 72.1581 900 424.594 0.828969 
13 30.1319 70.1581 900 401.7485 0.784366 
0 29.729 68.3241 900 387.3843 0.756322 
 
Figure A12. Comparison of unmodified and modified membrane normalized filtrate flux for 
Sample #5 
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Simulated Feed Water Sample #6 
 
Table A14: Experimental Data Collected for Sample #6 Unmodified Membrane Normalized 
Filtrate Flux Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
15 29.9524 86.9495 900 572.0877 0.895881 
16 29.679 85.321 900 558.4864 0.874581 
4 30.1073 84.451 900 545.4552 0.854175 
5 29.7731 83.2599 900 536.8544 0.840706 
9 29.8019 81.7737 900 521.6481 0.816893 
8 29.9052 80.819 900 511.0288 0.800264 
Experimental Data Collected for Sample #6 Modified Membrane Normalized Filtrate Flux 
Determination 
Vial # m1 (g) m2 (g) t (s) Jv (
 
    
) Normalized Filtrate Flux 
19 29.8303 84.1455 900 545.1691 0.955881 
11 29.8114 82.2093 900 525.9249 0.922139 
18 29.8659 79.1419 900 494.59 0.867197 
10 29.8336 78.365 900 487.1163 0.854093 
17 29.7866 77.0833 900 474.7235 0.832364 
3 29.8567 76.1597 900 464.7496 0.814876 
 
Figure A13. Comparison of unmodified and modified membrane normalized filtrate flux for 
Sample #6 
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Removal Data 
Simulated Feed Water Sample #1 
 
Table A15: T&O Removal Data from GC/MS for Sample #1 
Membrane Unmodified Modified 
Time 20 60 100 Cell 20 60 100 Cell 
IBMP Area 58587 59172 56900 57354 59781 57891 57930 56370 
DMS 
Area 19139 19041 12724 18319 16230 15481 8124 23038 
Rem. Mass in 40 
mL 
28.59 28.16 19.57 111.80 23.76 23.40 12.27 143.05 
Rem. Con. (
   
 
) 714.6 703.9 489.2 2795.0 593.9 585.0 306.8 3576.3 
% Removed 52.36 53.07 67.39 - 60.40 61.00 79.55 - 
DMTS 
Area 14070 4791 2966 202 746 526 - - 
Rem. Mass in 40 
mL 
18.26 6.16 3.96 1.07 0.95 0.69 - - 
Rem. Con. (
   
 
) 456.4 153.8 99.07 26.77 23.72 17.27 - - 
% Removed 69.57 89.74 93.40 - 98.42 98.85 99.99 - 
β-cyc 
Area 1391 - - - - - - - 
Rem. Mass in 40 
mL 
0.02 - - - - - - - 
Rem. Con. (
   
 
) 0.38 - - - - - - - 
% Removed 99.92 99.99 99.99 - 99.99 99.99 99.99 - 
β-Ion 
Area 47058 19041 2887 1072 41098 4090 1429 3892 
Rem. Mass in 40 
mL 
0.56 0.22 0.04 0.05 0.48 0.05 0.02 0.19 
Rem. Con. (
   
 
) 13.94 5.58 0.88 1.30 11.93 1.23 0.43 4.79 
% Removed 97.21 98.88 99.82 - 97.61 99.75 99.91 - 
MIB 
Area 7918 2952 2683 6368 7189 1250 1174 6047 
Rem. Mass in 40 
mL 
0.16 0.06 0.06 0.52 0.14 0.03 0.02 0.51 
Rem. Con(
   
 
) 3.98 1.47 1.39 13.09 3.54 0.64 0.60 12.64 
% Removed 98.01 99.26 99.31 - 98.23 99.68 99.70 - 
GSM 
Area 46300 15200 9934 5040 28179 13402 3017 14053 
Rem. Mass in 40 
mL 
0.57 0.18 0.13 0.25 0.34 0.17 0.04 0.72 
Rem. Con. (
   
 
) 14.17 4.61 3.13 6.30 8.45 4.15 0.93 17.88 
% Removed 92.91 97.70 98.43 - 95.77 97.92 99.53 - 
 
94 
 
 
 
Figure A14 & A15: Comparison of percent T&O removal unmodified (top), modified (bottom) 
for Sample #1 
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Table A16: Experimental Data Collected for NOM Removal Analysis for Sample #1 
Membrane Unmodified Membrane Modified Membrane 
Time (min) 20 60 100 Stir Cell at 
100  
20 60 100 Stir Cell at 
100  
Absorbance 0.183 0.104 0.095 1.576 0.147 0.099 0.095 1.783 
NOM Remaining (
  
 
) 7.011 3.985 3.640 60.383 5.632 3.793 3.640 68.314 
% Removed 64.943 80.077 81.801 - 71.839 81.034 81.801 - 
 
Simulated Feed Water Sample #2 
 
Table A17: T&O Removal Data from GC/MS for Sample #2 
Membrane Unmodified Modified 
Time 15 45 75 Cell 15 45 75 Cell 
IBMP Area 50983 51674 55640 55998 56332 52120 52330 57934 
DMS 
Area 20119 17379 13383 14713 18054 13190 9512 8241 
Rem. Mass in 40 
mL 
34.53 29.43 21.05 91.97 28.05 22.15 15.91 49.79 
Rem. Con. (
   
 
) 863.3 735.7 526.2 2299.1 701.14 553.64 397.6 1244.7 
% Removed 42.45 50.95 64.92 - 53.26 63.09 73.49 - 
DMTS 
Area 809 770 - 235 363 - - - 
Rem. Mass in 40 
mL 
1.21 1.13 - 1.28 0.49 - - - 
Rem. Con. (
   
 
) 30.16 28.32 - 31.90 12.25 - - - 
% Removed 97.99 98.11 99.99 - 99.18 99.99 99.99 - 
β-cyc 
Area - - - - - - - - 
Rem. Mass in 40 
mL 
- - - - - - - - 
Rem. Con. (
   
 
) - - - - - - - - 
% Removed 99.99 99.99 99.99 - 99.99 99.99 99.99 - 
β-Ion 
Area 
16342
6 
10905
5 
23612 26535 78986 41088 23188 26535 
Rem. Mass in 40 
mL 
2.22 1.46 0.29 1.97 0.97 0.55 0.31 1.27 
Rem. Con. (
   
 
) 55.62 36.62 7.36 49.31 24.33 13.68 7.69 31.79 
% Removed 88.88 92.68 98.53 - 95.13 97.26 98.46 - 
MIB 
Area 4222 79 - 946 968 913 - 1509 
Rem. Mass in 40 
mL 
0.10 0.00 - 0.08 0.02 0.02 - 0.12 
Rem. Con. (
   
 
) 2.44 0.05 - 1.99 0.51 0.52 - 3.07 
% Removed 98.78 99.98 99.99 - 99.75 99.74 99.99 - 
96 
 
GSM 
Area 45118 35041 30983 12566 30520 29850 27002 2438 
Rem. Mass in 40 
mL 
0.63 0.49 0.40 0.70 0.39 0.41 0.37 0.12 
Rem. Con. (
   
 
) 15.87 12.16 9.99 17.38 9.72 10.27 9.25 3.02 
% Removed 92.07 93.92 95.01 - 95.14 94.86 95.37 - 
 
 
 
 
Figure A16 & A17: Comparison of percent T&O removal unmodified (top), modified (bottom) 
for Sample #2 
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Simulated Feed Water Sample #3 
 
Table A18: T&O Removal Data from GC/MS for Sample #3 
Membrane Unmodified Modified 
Time 20 60 100 Cell 20 60 100 Cell 
IBMP Area 54670 56098 54023 55418 57839 57443 56121 54921 
DMS 
Area 29711 29274 17986 23028 22552 21484 17028 64676 
Rem. Mass in 40 
mL 
47.56 45.66 29.13 145.45 34.12 32.73 26.55 412.20 
Rem. Con. (
   
 
) 1188.9 1141.6 728.3 3636.2 853.0 818.21 663.7 10305.0 
% Removed 20.74 23.89 51.44 - 43.13 45.45 55.75 - 
DMTS 
Area - - - - - - - - 
Rem. Mass in 40 
mL 
- - - - - - - - 
Rem. Con. (
   
 
) - - - - - - - - 
% Removed 99.99 99.99 99.99 - 99.99 99.99 99.99 - 
β-cyc 
Area 
24984
9 
60633 44195 16434 101006 30182 23028 94537 
Rem. Mass in 40 
mL 
2.93 0.69 0.52 0.76 1.12 0.34 0.26 4.41 
Rem. Con. (
   
 
) 73.24 17.32 13.11 19.01 27.99 8.42 6.58 110.34 
% Removed 85.35 96.54 97.38 - 94.40 98.32 98.68 - 
β-Ion 
Area 
47264
2 
11660
3 
51436 69391 213377 54354 50342 179871 
Rem. Mass in 40 
mL 
6.00 1.44 0.66 3.48 2.56 0.66 0.62 9.09 
Rem. Con. (
   
 
) 150.01 36.07 16.52 86.91 64.01 16.42 15.57 227.32 
% Removed 70.00 92.79 96.70 - 87.20 96.72 96.89 - 
MIB 
Area 78068 16820 10950 15147 16158 13874 12441 39281 
Rem. Mass in 40 
mL 
1.68 0.35 0.24 1.29 0.33 0.28 0.26 3.37 
Rem. Con. (
   
 
) 42.08 8.84 5.97 32.22 8.23 7.12 6.53 84.31 
% Removed 78.96 95.58 97.01 - 95.88 96.44 96.73 - 
GSM 
Area 
10593
8 
30926 24850 20370 47463 14489 12981 40752 
Rem. Mass in 40 
mL 
1.39 0.40 0.33 1.05 0.59 0.18 0.17 2.13 
Rem. Con. (
   
 
) 34.75 9.89 8.25 26.37 14.72 4.52 4.15 53.22 
% Removed 82.63 95.06 95.88 - 92.64 97.74 97.93 - 
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Figure A18 & A19: Comparison of percent T&O removal unmodified (top), modified (bottom) 
for Sample #3 
 
Table A19: Experimental Data Collected for NOM Removal Analysis for Sample #3 
Membrane Unmodified Membrane Modified Membrane 
Time (min) 20 60 100 Stir Cell  at 
100  
20 60 100 Stir Cell at 
100  
Absorbance 0.099 0.034 0.029 1.734 0.054 0.031 0.025 1.556 
NOM Remaining (
  
 
) 3.793 1.303 1.111 66.437 2.069 1.188 0.958 59.617 
% Removed 81.034 93.487 94.444 - 89.655 94.061 95.211 - 
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Simulated Feed Water Sample #4 
 
Table A20: T&O Removal Data from GC/MS for Sample #4 
Membrane Unmodified Modified 
Time 15 45 75 Cell 15 45 75 Cell 
IBMP Area 54904 54630 56728 53200 55001 55962 54720 54002 
DMS 
Area 30135 24286 10152 28533 7440 5686 - 17610 
Rem. Mass in 
40 mL 
48.03 38.90 15.66 187.73 11.84 8.89 - 114.14 
Rem. Con. (
   
 
) 1200.7 972.55 391.51 4693.34 295.93 222.28 - 2853.62 
% Removed 19.95 35.16 73.90 - 80.27 85.18 99.99 - 
DMTS 
Area - - - - - - - - 
Rem. Mass in 
40 mL 
- - - - - - - - 
Rem. Con. (
   
 
) - - - - - - - - 
% Removed 99.99 99.99 99.99 - 99.99 99.99 99.99 - 
β-cyc 
Area - - - - - - - - 
Rem. Mass in 
40 mL 
- - - - - - - - 
Rem. Con. (
   
 
) - - - - - - - - 
% Removed 99.99 99.99 99.99 - 99.99 99.99 99.99 - 
β-Ion 
Area 411385 123183 95712 159232 312874 90574 54023 146590 
Rem. Mass in 
40 mL 
5.20 1.57 1.17 8.31 3.95 1.12 0.69 7.54 
Rem. Con. (
   
 
) 130.01 39.13 29.28 207.74 98.71 28.08 17.13 188.41 
% Removed 74.00 92.17 94.14 - 80.26 94.38 96.57 - 
MIB 
Area 4120 1287 1062 2017 3544 2657 1180 918 
Rem. Mass in 
40 mL 
0.09 0.03 0.02 0.18 0.08 0.06 0.03 0.08 
Rem. Con. (
   
 
) 2.21 0.69 0.55 4.47 1.90 1.40 0.64 2.00 
% Removed 98.89 99.65 99.72 - 99.05 99.30 99.68 - 
GSM 
Area 103126 95032 45681 10080 92300 65983 32750 7696 
Rem. Mass in 
40 mL 
1.35 1.25 0.58 0.54 1.20 0.85 0.43 0.41 
Rem. Con. (
   
 
) 33.68 31.19 14.44 13.59 30.09 21.14 10.73 10.22 
% Removed 83.16 84.40 92.78 - 84.95 89.43 94.63 - 
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Figure A20 & A21: Comparison of percent T&O removal unmodified (top), modified (bottom) 
for Sample #4 
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Simulated Feed Water Sample #5 
 
Table A21: T&O Removal Data from GC/MS for Sample #5 
Membrane Unmodified Modified 
Time 15 45 75 Cell 15 45 75 Cell 
IBMP Area 55700 56341 55890 55451 56732 56905 55930 56601 
DMS 
Area 25795 14041 4363 19027 9623 6920 5155 9599 
Rem. Mass in 40 
mL 
40.53 21.81 6.83 120.11 14.84 10.64 8.07 59.36 
Rem. Con. (
   
 
) 1013.1 545.2 170.7 3002.6 371.08 266.04 201.6 1484.0 
% Removed 32.46 63.65 88.61 - 75.26 82.26 86.56 - 
DMTS 
Area 581 485 179 - - - - - 
Rem. Mass in 40 
mL 
0.79 0.65 0.24 - - - - - 
Rem. Con. (
   
 
) 19.82 16.36 6.09 - - - - - 
% Removed 98.68 98.91 99.59 - 99.99 99.99 99.99 - 
β-cyc 
Area - - - - - - - - 
Rem. Mass in 40 
mL 
- - - - - - - - 
Rem. Con. (
   
 
) - - - - - - - - 
% Removed 99.99 99.99 99.99 - 99.99 99.99 99.99 - 
β-Ion 
Area 
17869
0 
15390
0 
84637 117236 94716 88941 59284 22050 
Rem. Mass in 40 
mL 
2.23 1.90 1.05 5.87 1.16 1.08 0.74 1.08 
Rem. Con. (
   
 
) 55.67 47.40 26.28 146.74 28.97 27.12 18.39 27.04 
% Removed 88.87 90.52 94.74 - 94.21 94.58 96.32 - 
MIB 
Area 5291 2218 1962 3401 4497 4488 2659 3337 
Rem. Mass in 40 
mL 
0.11 0.05 0.04 0.29 0.09 0.09 0.06 0.28 
Rem. Con. (
   
 
) 2.80 1.16 1.03 7.23 2.34 2.32 1.40 6.95 
% Removed 98.60 99.42 99.48 - 98.83 98.84 99.30 - 
GSM 
Area 97133 90269 88709 24135 65955 64732 51182 25226 
Rem. Mass in 40 
mL 
1.25 1.15 1.14 1.25 0.83 0.82 0.66 1.28 
Rem. Con. (
   
 
) 31.27 28.73 28.46 31.22 20.85 20.40 16.41 31.97 
% Removed 84.36 85.63 85.77 - 89.58 89.80 91.79 - 
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Figure A22 & A23: Comparison of percent T&O removal unmodified (top), modified (bottom) 
for Sample #5 
 
Table A22: Experimental Data Collected for Ionic Strength Removal Analysis for Sample #5 
Membrane Unmodified Membrane Modified Membrane 
Time (min) 15 45 75 Stir Cell at 
90  
15 45 75 Stir Cell at 
90 
Original I.S. (uS) 18.05 
Remaining I.S. (uS) 17.80 17.89 17.95 17.65 17.89 17.97 18.03 17.76 
% Removed 1.39 0.89 0.55 - 0.89 0.44 0.11 - 
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Simulated Feed Water Sample #6 
 
Table A23: T&O Removal Data from GC/MS for Sample #6 
Membrane Unmodified Modified 
Time 15 45 75 Cell 15 45 75 Cell 
IBMP Area 55078 56009 55891 56230 55782 55790 56791 57100 
DMS 
Area 24222 10863 5880 9323 16953 7064 4220 17217 
Rem. Mass in 40 
mL 
38.48 16.97 9.21 58.04 26.59 11.08 6.50 105.54 
Rem. Con. (
   
 
) 962.09 424.30 230.16 1450.8 664.87 277.0 162.5 2638.5 
% Removed 35.86 71.71 84.66 - 55.68 81.53 89.16 - 
DMTS 
Area 2081 1778 1241 - 1440 1025 - - 
Rem. Mass in 40 
mL 
2.87 2.41 1.69 - 1.96 1.40 - - 
Rem. Con. (
   
 
) 71.81 60.33 42.20 - 49.06 34.92 - - 
% Removed 95.21 95.98 97.19 - 96.73 97.67 99.99 - 
β-cyc 
Area 10392 5041 2440 - 2665 1805 - - 
Rem. Mass in 40 
mL 
0.12 0.06 0.03 - 0.03 0.02 - - 
Rem. Con. (
   
 
) 3.02 1.44 0.70 - 0.77 0.52 - - 
% Removed 99.40 99.71 99.86 - 99.85 99.90 99.99 - 
β-Ion 
Area 
17375
0 
10430
3 
91869 33889 
12658
9 
78524 31793 186641 
Rem. Mass in 40 
mL 
2.19 1.29 1.14 1.67 1.58 0.98 0.36 9.07 
Rem. Con. (
   
 
) 54.74 32.31 28.52 41.83 39.38 24.42 8.97 226.87 
% Removed 89.05 93.54 94.30 - 92.12 95.12 98.21 - 
MIB 
Area 56466 31834 29375 7998 20010 17852 7131 7046 
Rem. Mass in 40 
mL 
1.21 0.67 0.62 0.67 0.42 0.38 0.15 0.58 
Rem. Con. (
   
 
) 30.21 16.75 15.49 16.77 10.57 9.43 3.70 14.55 
% Removed 84.89 91.63 92.26 - 94.71 95.29 98.15 - 
GSM 
Area 
17744
5 
13606
6 
12661
3 
7617 
11364
5 
73851 24723 20323 
Rem. Mass in 40 
mL 
2.31 1.74 1.62 0.39 1.46 0.95 0.31 1.02 
Rem. Con. (
   
 
) 57.77 43.56 40.62 9.72 36.53 23.74 7.81 25.53 
% Removed 71.11 78.22 79.69 - 81.73 88.13 96.10 - 
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Figure A24 & A25: Comparison of percent T&O removal unmodified (top), modified (bottom) 
for Sample #6 
 
Table A24: Experimental Data Collected for Ionic Strength Removal Analysis for Sample #6 
Membrane Unmodified Membrane Modified Membrane 
Time (min) 15 45 75 Stir Cell at 
90 
15 45 175 Stir Cell at 
90 
Original I.S. (uS) 18 
Remaining I.S. (uS) 17.56 17.72 17.75 17.56 17.78 17.80 17.89 17.62 
% Removed 2.44 1.56 1.39 - 1.22 1.11 0.61 - 
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NOM Removal 
 
 The remaining concentration of NOM post-filtration was calculated for Samples #1 and 
#3 using the standard curve in Figure A26. It was observed that in the first interval (at 20 
minutes) the greatest removal of NOM occurred in Sample #3 (pH 7.5) with the modified 
membrane, followed by Sample #3 and the unmodified membrane. The smallest removal 
occurred with the unmodified membrane for Sample #1 (pH 3.5). In the final interval (at 100 
minutes) the difference in NOM removal was not a factor of what membrane was used, but of 
the pH of the sample. It was observed that at 100 minutes Sample #3 had more NOM removed 
than Sample #1 did by approxiamtley 15%. It is possible that because NOM removal decreased 
with a more acidic pH means that the NOM structure gets compressed when expossed to acidic 
conditions. Conclusions drawn from this portion of the experiment are that the best NOM 
removal occures with modified regenerated cellulose UF membranes at a pH at or near 7.5. 
 
Figure A26: Percent of NOM removed for the two NOM influenced samples 
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Ionic Strength Removal 
 
 The remaining concentration of ionic strength post-filtration was calculated for Samples 
#5 and #6 using a conductivity meter (JENCO model 3173) and comparing the post-filtration 
ionic strength to the ionic strength value measured pre-filtration. It was observed that in the 
first interval (at 15 minutes) the greatest removal of ionic strength occurred in Sample #6 (pH 
7.5) with the unmodified membrane, followed by Sample #5 (pH 3.5) with the unmodified 
membrane. The least removal of ionic strength at 15 minutes was Sample #5 with the modified 
membrane. The same order of removal was observed in the last interval (at 75 minutes), but 
the removal for all samples and membranes was approximatley 1% less at 75 minutes than it 
was at 15 minutes. The resason for this is that the ions present in the water from the Na2SO4 
(SO4
-2) build up with time on the membranes and within the membranes’ pores. The modified 
membrane with its negative charge has a larger build up of these negative ions that the 
unmodified membrane due to its already negative charge, resulting in the smaller removal of 
ionic strength with the modified membrane compared to the unmodified membrane.  With 
time the deposited layer of ions on the membrane’s surface grows thick enough that the ions 
within the membranes’ pores begin to be pushed through the membrane, resulting in the 
decreased removal of ionic strength with time. Overall even the best removal (at 15 minutes, 
unmodified Sample #6) was very small at 2.44%. The data above demonstrates that modified 
(and unmodified) regerenerated cellulose UF membranes are not an ideal method at removing 
ionic strength. 
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Figure A27: Percent ionic strength removed for the two ionic strength influenced samples 
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GC/MS Chromatogram Analysis Reference 
 
Table A25: Response Factors Used for Calculating T&O Removal 
Compound Response Factor (fT&O) 
DMS 85.85038 
DMTS 74.58169 
β-cyclocitral 0.628872 
β-ionone 0.68093 
MIB 1.156394 
GSM 0.703721 
 
Table A26: Experimental Data for Response Factor Determination 
Compound Mass (ng) Area 
DMS 75.2895 49112 
DMTS 75.803 56918 
β-cyclocitral 25.812 2298556 
β-ionone 27.216 2238295 
MIB 10.1 489115 
GSM 10 795783 
IBMP 1.019304 57082 
 
Response Factor Calculations: 
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Verification Flux Data and Membrane “R” Values 
 
Table A27: Verification Flux After Sample #1 Filtration 
Unmodified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 15.2987 20.2836 175 250.1134495 
2 0.06 18.4827 24.3654 135 382.6146341 
3 0.08 13.9452 21.411 135 485.5804878 
4 0.1 17.9958 23.7489 90 561.2780488 
Modified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 18.5674 24.1009 241 201.6051007 
2 0.06 13.9021 21.0901 200 315.5707317 
3 0.08 13.7881 19.5573 140 361.8313589 
4 0.1 17.5109 22.6814 100 453.995122 
 
Table A28: Verification Flux After Sample #2 Filtration 
Unmodified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 12.446 19.6966 180 353.6878049 
2 0.06 14.0235 20.0966 142 375.5266232 
3 0.08 18.3307 24.1045 105 482.8264808 
4 0.1 17.2499 22.2335 75 583.4458537 
Modified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 13.5819 18.266 180 228.4926829 
2 0.06 18.3775 23.3649 150 291.9453659 
3 0.08 13.8638 18.3112 100 390.5034146 
4 0.1 13.5952 17.0368 70 431.6989547 
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Table A29: Verification Flux After Sample #3 Filtration 
Unmodified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 14.0274 20.3099 207 266.4899 
2 0.06 17.2545 24.5857 156 412.6379 
3 0.08 14.0419 19.0586 85 518.2244 
4 0.1 18.336 22.9156 65 618.6326 
Modified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 13.9933 20.3953 255 220.4419 
2 0.06 13.8653 20.2961 185 305.2192 
3 0.08 12.454 17.7935 105 446.5087 
4 0.1 13.7529 18.5404 80 525.4573 
 
Table A30: Verification Flux After Sample #4 Filtration 
Unmodified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 14.0676 20.1734 179 299.5078349 
2 0.06 18.3831 24.7254 130 428.3729831 
3 0.08 14.0489 22.016 132 529.962306 
4 0.1 18.1874 23.5945 70 678.2425087 
Modified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 18.4687 24.1474 240 207.7573171 
2 0.06 14.353 20.9089 180 319.8 
3 0.08 13.7529 20.2191 132 430.1241685 
4 0.1 17.4682 22.6711 91 502.021978 
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Table A31: Verification Flux After Sample #5 Filtration 
Unmodified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 13.4782 20.3928 210 289.1121951 
2 0.06 17.1289 23.9285 155 385.1858379 
3 0.08 18.9181 24.228 110 423.8501109 
4 0.1 13.1023 18.2402 90 501.2585366 
Modified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 17.5109 24.674 235 267.6404774 
2 0.06 14.1918 21.5563 197 328.2431596 
3 0.08 15.6709 22.4892 155 386.2451613 
4 0.1 15.0098 18.9422 75 460.3785366 
 
Table A32: Verification Flux After Sample #6 Filtration 
Unmodified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 13.9502 20.1566 200 272.4760976 
2 0.06 17.1525 24.3421 165 382.595122 
3 0.08 15.0905 21.0399 105 497.5108014 
4 0.1 17.55 23.5984 95 559.030552 
Modified 
# P (MPa) m1 (g) m2 (g) t (s) Flux (
 
    
) 
1 0.04 14.0102 20.6658 247 236.5968204 
2 0.06 13.5088 20.3826 195 309.5144465 
3 0.08 12.3341 18.9482 155 374.6775767 
4 0.1 12.9954 17.7602 85 492.2031564 
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Table A33: Table of Membrane “R” Values 
 Membrane Ji Rm Ja Ra Jf Rpp Jv Rcp 
Sample 
1 
Unmod. 727 137567 635 20026 122 662316 561 -641744 
Mod. 499 200487 539 -15124 111 713444 454 -678540 
Sample 
2 
Unmod. 727 137567 651 15954 483 53662 583 -35787 
Mod. 499 200487 544 -16558 390 72728 432 -25014 
Sample 
3 
Unmod. 727 137567 696 6041 144 551002 619 -532963 
Mod. 499 200487 515 -6189 121 631940 460 -609025 
Sample 
4 
Unmod. 727 137567 690 7383 490 59233 678 -56743 
Mod. 499 200487 539 -15011 384 75086 460 -43349 
Sample 
5 
Unmod. 727 137567 586 33188 434 59659 501 -30916 
Mod. 499 200487 512 -5249 387 62903 460 -40929 
Sample 
6 
Unmod. 727 137567 639 19032 511 39085 559 -16803 
Mod. 499 200487 570 -25150 465 39833 492 -12002 
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NOM (Humic Acid) Standard Curve 
 
Table A34: Experimental Data Collected for NOM Standard Curve  
Concentration (
  
 
) Absorbance 
0 0.000 
1 0.041 
2 0.066 
5 0.137 
10 0.260 
20 0.519 
 
 
 
Figure A28. NOM (Humic Acid) standard curve 
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